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ABSTRACT 
In oxygenic photosynthesis light is captured in series by two protein complexes: 
photosystem II and photosystem I (PSI and PSII). Electron transfer from PSII to PSI 
is mediated by the plastoquinone (PQ) pool. Despite being the energy source, light 
also damages the photosynthetic machinery. Singlet oxygen (1O2), an excited state 
of O2, may be generated when a charge recombination reaction in PSII re-excites the 
reaction center chlorophylls (P680), producing a triplet state. In this thesis, mass-
spectroscopy-based detection methods for 1O2 were developed further, to understand 
the role of this reactive oxygen species in photosynthesis. It was shown that even 
though both O2 and 1O2 are produced in pumpkin thylakoid membranes, most (if not 
all) of the 1O2 derives from the ambient dissolved O2, not from the nascent O2 
produced due to the water splitting activity of PSII. The result shows that the O2 
evolving ability of PSII as such does not render PSII vulnerable to oxidative damage. 
Nevertheless, light inactivates PSII, and no consensus about the mechanism(s) 
of the photoinhibitory damage exists. Therefore, the temperature dependence of the 
rate constant of PSII photoinhibition was measured under various conditions and 
compared with temperature dependencies of 1O2 production and recombinations. 
The results show that in plants and cyanobacteria the rate constant of photoinhibition 
and production of 1O2 increase similarly with temperature as the miss probability of 
the oxygen evolving complex. Photoinhibition proceeded under anaerobicity, where 
no 1O2 is produced, and was unaffected by quenchers of 1O2. We suggest that when 
a miss occurs, but a recombination does not re-reduce the PSII reaction center, P680+ 
lives long enough to oxidize a vital component of PSII, causing the photodamage. 
Plants have also ways to adjust to different light conditions. An initial 
fluorescence screen and subsequent high-performance liquid chromatography 
measurements revealed that 470 nm, 560 nm and 660 nm light favors PSII over PSI 
and reduces 80–90 % of the PQ pool, whereas 440 nm, 520 nm and 690 nm favors 
PSI and oxidizes 90–100 % of the pool in Arabidopsis thaliana, when moderate light 
was used. Light state curvilinearly followed the redox state of the PQ pool; state 2 
was reached with 50 % reduction. All tested white lights, including light from the 
Sun, reduced less than 50 % of the PQ pool. This PSI light character of white light 
enables plants to respond to the intensity of light via the redox state of the PQ pool. 
KEYWORDS:  MIMS, photoinactivation, ROS, signaling, state transitions, TEMP 
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TIIVISTELMÄ 
Vaikka valo onkin yhteytyksen eli fotosynteesin energianlähde, se myös 
vahingoittaa yhteyttäviä eliöitä. Happea vapauttavassa yhteytyksessä kaksi 
proteiinikompleksia, valoreaktiot II ja I (PSII ja PSI), vastaanottavat valoa. 
Plastokinonivaranto välittää elektroninsiirtoa näiden välillä. Singlettihappi on 
reaktiivinen happiyhdiste, jota syntyy, kun PSII:n reaktiokeskusklorofylli (P680) 
siirtyy triplettitilaan elektronin palatessa rekombinaatioreaktioissa takaisin 
reaktiokeskukselle. Tässä työssä kehitettiin edelleen massaspektrometria-
menetelmiä ja havaittiin, että vaikka eristetyt kasvin yhteytyskalvostot tuottavat sekä 
happea että singlettihappea, suurin osa singlettihapesta on peräisin ympäristöön 
liuenneesta hapesta eikä PSII:n veden hajotuksessa vastasyntyneestä hapesta. PSII:n 
kyky vapauttaa happea ei siis itsessään tee PSII:sta herkkää hapettavalle vahingolle. 
Valo kuitenkin vaurioittaa erityisesti PSII:ta, eikä valovahingon mekanismista 
ole yksimielisyyttä. Tästä syystä PSII:n fotoinhibition, singlettihapen tuoton ja 
rekombinaatioreaktioiden lämpötilavasteet mitattiin kasveista ja syanobakteereista. 
Sekä fotoinhibitio että singlettihappi lisääntyivät lämpötilan noustessa. Molemmat 
lämpötilavasteet selvästi muistuttavat PSII:n happea vapauttavan kompleksin 
“hutien” lämpötilariippuvuutta. Fotoinhibitio ei kuitenkaan vähentynyt, kun 
yhteytyskalvostoja valotettiin singlettihapen vaimentajien kanssa tai hapettomissa 
olosuhteissa, jolloin singlettihappea ei synny. Tulosten perusteella muotoiltiin 
hypoteesi: mikäli huti tapahtuu eli happea vapauttava kompleksi on tilapäisesti 
kykenemätön luovuttamaan elektronin, eikä rekombinaatiokaan uudelleen pelkistä 
reaktiokeskusta, P680+:lla on tarpeeksi aikaa hapettaa jokin PSII:n tärkeä osa. 
Kasvit kykenevät myös sopeutumaan valo-olosuhteiden muutoksiin. 
Plastokinonivarannon hapetus-pelkistystila mitattiin nestekromatokrafialla; PSII 
vastaanotti PSI:tä tehokkaammin 470, 560 ja 660 nm:n aallonpituuksien valoa ja 
nämä valot pelkistivät 80–90 % plastokinonivarannosta. 440, 520 ja 690 nm:n 
aallonpituudet sen sijaan suosivat PSI:tä ja hapettivat 90–100 % 
plastokinonivarannosta, kun kohtalaista valovoimakkuutta käytettiin. Kaikki testatut 
valkoiset valot, mukaan lukien auringonvalo, suosivat PSI:tä, joten kasvit voivat 
aistia valon voimakkuutta plastokinonivarannon pelkistyneisyyden avulla. 
ASIASANAT: HPLC, MIMS, plastokinoni, reaktiiviset happilajit, signalointi, 1O2, 
TEMP, tilasiirtymät, yhteyttäminen  
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 Abbreviations 
1Chl Singlet (ground state) chlorophyll 
1O2  Singlet oxygen; 1ΔgO2 
1ΔgO2 Singlet oxygen 
1Σ+gO2 Singlet oxygen 
3Chl Triplet chlorophyll 
3O2  Triplet (ground state) oxygen; 3Σ-gO2 
3P680 PSII reaction center triplet (3ChlD1 or 3PD1) 
3P700 PSI reaction center triplet 
3Σ-gO2 Triplet (ground state) oxygen; 3O2 
16O  A stable isotope of oxygen (common in the nature) 
18O  A stable isotope of oxygen (rare in the nature) 
A0  The primary electron acceptor of PSI (a chlorophyll) 
ADP Adenosine diphosphate 
ATP Adenosine triphosphate 
ATPase ATP synthase 
Car  Carotenoid 
CarD2 A β-carotene close to PSII reaction center 
Chl  Chlorophyll 
Chl* Excited singlet chlorophyll 
ChlD1 A PSII reaction center chlorophyll 
ChlD2 A PSII reaction center chlorophyll 
ChlZD2 A chlorophyll close to PSII reaction center 
CP24 An antenna protein of PSII 
CP26 An antenna protein of PSII 
CP29 An antenna protein of PSII 
CP43 A core protein of PSII (intrinsic antenna) 
CP47 A core protein of PSII (intrinsic antenna) 
Cyt b6f  Cytochrome b6/f complex 
D1  A core protein of PSII 
D2  A core protein of PSII 
D2O Deuterium oxide (heavy water); 2H2O 
 9
DCMU 3-(3,4-dichlorophenyl)-1,1-dimethylurea (a PSII herbicide) 
Deg1 A protease important in PSII repair 
EF-G A cyanobacterial translation elongation factor 
EF-Tu A cyanobacterial translation elongation factor 
EPR Electron paramagnetic resonance 
F0  Minimal fluorescence yield (QA oxidized), dark-acclimated sample 
F0’  Minimal fluorescence yield (QA oxidized), light-acclimated sample 
FA   A 4Fe-4S cluster of PSI 
FB  A 4Fe-4S cluster of PSI 
Fd  Ferredoxin 
FM  Maximal fluorescence yield (QA reduced), dark-acclimated sample 
FM’  Maximal fluorescence yield (QA reduced), light-acclimated sample 
FNR Ferredoxin NADP+ reductase 
FR  Far-red (λ ≥ 680 nm) 
FtsH A protease important in PSII repair 
FV  Variable fluorescence (FM-F0) 
FV/FM Variable to maximal fluorescence (yield of PSII photochemistry) 
FX  A 4Fe-4S cluster of PSI 
FWHM  Full width at half maximum 
H2O2 Hydrogen peroxide 
HO• Hydroxyl radical 
kPI  Rate constant of photoinhibition of PSII 
LED Light emitting diode 
LHC Light harvesting complex 
LHCI Light harvesting complex of PSI 
LHCII Light harvesting complex of PSII 
LHCSR  A protein important in NPQ in algae and moss 
MIMS Membrane inlet mass spectroscopy 
MS  Mass spectrometer/spectroscopy 
NADP+ Nicotinamide adenine dinucleotide phosphate (oxidized) 
NADPH Nicotinamide adenine dinucleotide phosphate (reduced) 
NIR Near-infrared (~750–2500 nm) 
NO• Nitric oxide (a radical) 
NPQ Non-photochemical quenching (of chlorophyll fluorescence) 
O2•- Superoxide anion (a radical) 
OCP Orange carotenoid protein (important in cyanobacterial NPQ) 
OEC Oxygen evolving complex of PSII 
OJIP Fluorescence rise from initial (O) to maximal (P) level, via J and I steps 
P680 Reaction center chlorophylls of PSII (PD1, PD2, ChlD1 and ChlD2) 
P680+ Oxidized reaction center of PSII (PD1+) 
10 
P700 Reaction center chlorophylls of PSI 
PAM Pulse amplitude modulated 
PBCP  PSII core phosphatase 
PC  Plastocyanin 
PD1  A PSII reaction center chlorophyll 
PD2  A PSII reaction center chlorophyll 
PGR5 A protein important for PSI cyclic electron transfer 
PGRL1 A protein important for PSI cyclic electron transfer 
Pheo Pheophytin 
PheoD1 Redox active pheophytin of PSII 
PheoD2 A pheophytin close to PSII reaction center 
PhQ Phylloquinone 
Pi  Inorganic phosphate 
PPFD Photosynthetic photon flux density 
PQ  Oxidized plastoquinone 
PQH2 Reduced plastoquinone; plastoquinol 
PsbS A protein important in NPQ in higher plants 
PsaA A core protein of PSI 
PsaB A core protein of PSI 
PSI  Photosystem I 
PSII Photosystem II 
QA  Primary quinone acceptor of PSII 
QB  Secondary quinone acceptor of PSII 
qL  Photochemical quenching of fluorescence (lake model) 
qE  Energy-dependent quenching of excitation energy 
qP  Photochemical quenching of fluorescence (puddle model) 
ROS Reactive oxygen species 
SD  Standard deviation 
SOSG Singlet oxygen sensor green (a 1O2 sensor) 
STN7 State transition kinase (STT7 in C. reinhardtii) 
STN8 A kinase involved in phosphorylating PSII core 
TAP38 A phosphatase involved in state transitions (PPH1 in C. reinhardtii) 
TEMP 2,2,6,6-tetramethylpiperidine (a 1O2 sensor) 
TEMPO 1-oxyl of TEMP (reaction product of TEMP and 1O2) 
TyrZ Redox active tyrosine residue of PSII; YZ 
(U)HPLC (Ultra) high-performance liquid chromatography 
UV-A Ultraviolet radiation (315–400 nm) 
UV-B Ultraviolet radiation (280–315 nm) 
UV-C Ultraviolet radiation (200–280 nm) 
VIS Visible light (~400–700 nm)  
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1 Introduction 
Some 3.7–2.4 billion years ago, a (pre)cyanobacterium, now extinct, achieved 
the ability to extract electrons from water with the energy of light (Fischer et al. 
2016a, Martin et al. 2018; oxygenic photosynthesis might have evolved also much 
before the phylum Cyanobacteria, see e.g. Cardona et al. 2019). Light and water are 
plentiful on Earth, and the (eventual) rise in atmospheric oxygen, due to water 
splitting, enabled efficient respiration. Consequently, the emergency of oxygenic 
photosynthesis which, to the present knowledge, has occurred only once in the 
evolution of life, increased the primary production of Earth by a factor of ~30, as 
estimated by Raven (2009). Today, (oxygenic) photosynthesis supports almost all 
life on Earth (Mccollom and Shock 1997, Raven 2009). According to the widely 
accepted endosymbiosis hypothesis (Mereschkowsky 1905), chloroplasts of algae 
and plants were once free-living cyanobacteria but became engulfed into an ancient 
eukaryote and transformed into cell organelles (for a review and a recent 
phylogenetic analysis, respectively, see Gavelis and Gile 2018, Moore et al. 2019). 
Chloroplasts of all but one (Paulinella chromatophora; Marin et al. 2005, Delaye et 
al. 2016) photosynthetic eukaryotes known to science originate from the same 
primary endosymbiosis event. 
1.1 Photosynthetic electron transport chain 
Membrane embedded protein complexes and lipid- and water-soluble electron 
carriers of photosynthetic electron transport chain convert light energy to chemical 
form (Fig. 1); to the universal carriers of energy (adenosine triphosphate; ATP) and 
reducing power (nicotinamide adenine dinucleotide phosphate; NADPH). The 
thylakoid membrane system is, in the case of plants and algae, separated from the 
rest of the cell by the double membrane (called envelope) of chloroplasts. In land 
plants (and in some green macroalgae), thylakoids are organized to appressed, or 
stacked, (grana thylakoids) and non-appressed (stroma thylakoids) domains (see Fig. 
1B). In the stroma (or, in the case of cyanobacteria, in the cytosol) ATP and NADPH 




Figure 1.  Photosynthesis in plant chloroplasts. A. Light microscopy images showing cells 
and, B. electron microscopy images showing a chloroplast and few mitochondria, of 
an outdoors-grown dandelion (Taraxacum officinale). C. A schematic representation 
of photosynthetic electron transfer chain and ATP synthesis. Linear electron (e-) 
transfer from water to NADP+, via photosystem II (PSII), plastoquinone (PQ) pool, 
cytochrome b6/f complex (Cyt b6f), plastocyanin (PC), photosystem I (PSI), 
ferredoxin (Fd) and Fd NADP+ reductase (FNR), is indicated with a continuous 
arrow. Cyclic electron transfer from Fd to PQ pool is indicated with a dashed arrow. 
hν (energy of a photon; h is the Planck's constant and ν is frequency) indicates 
absorption of light energy at PSII and PSI. ATP production from adenosine 
diphosphate (ADP) and inorganic phosphate (Pi) by ATP synthase (ATPase), 
powered by an electrochemical gradient over the thylakoid membrane created by 
water splitting and proton (H+) translocation from stroma to lumen, is indicated by 
another continuous arrow. Here, a rate of 4 protons/an ATP produced is assumed, 
based on measurements by van Walraven et al. (1996). D. A general equation of 
oxygenic photosynthesis, assuming 100 % quantum efficiency. Microscopy images: 
Olli Virtanen, Molecular Plant Biology, and the Laboratory of electron microscopy, 
Faculty of medicine, University of Turku. 
1.1.1 Energy transfer: (not simply) hop-hop-hop-hop-hop 
In oxygenic photosynthesis, light energy is harvested by chlorophylls (Chl; all 
photosynthetic organisms) and phycobilins (cyanobacteria and some algae) and to a 
lesser degree by carotenoids (Hofmann et al. 1996, Caffarri et al. 2001, Balevičius 
Heta Mattila 
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et al. 2017). To increase light absorption (cross-section), photosynthetic organisms 
have light harvesting complexes (LHC), or antennae, which contain a high number 
of tightly packed pigment molecules. After absorption of visible light (a photon with 
wavelength of ~400–700 nm) by a pigment, fast non-radiative excitation energy 
transfer to the respective reaction center (of either PSII or PSI) occurs (see e.g. 
Wientjes et al. 2011, Kreisbeck and Aspuru-Guzik 2016). It is not clear whether the 
rate limiting step is charge separation in the reaction center (trap limited model) or 
energy transfer to the reaction center, possibly after initial fast equilibrium in the 
antenna (transfer-to-trap limited model), in the membrane embedded chlorophyll 
binding antennae of plants and some algae (for discussion, see Renger and Schlodder 
2011, Croce and van Amerongen 2013). Excitation transfer from the large, 
membrane attached protein-pigment complex, phycobilisome, in cyanobacteria and 
some algae (for a review, see Watanabe and Ikeuchi 2013), to a PSII reaction center 
is rather slow (~100 ps; Suter et al. 1984). Often, excitation does not reside on a 
single pigment molecule, but electronic interactions of pigments close to each other 
lead to delocalized excitations (i.e. several pigment molecules coherently share the 
excitation), called excitons. Whether excitation transfer is sufficiently described by 
semi-classical theories (e.g. generalized Förster; Sumi 1999) or whether quantum 
effects significantly affect excitation transfer in vivo, is debated (Engel et al. 2007, 
Fassioli et al. 2014, Jumper et al. 2018). 
1.1.2 Structure and function of photosystem II 
PSII core consists of the reaction center proteins D1 and D2, which bind the 
redox cofactors needed for charge separation, of the inner (or intrinsic) antenna 
proteins CP47 and CP43, which bind 16 and 13 chlorophylls, respectively, and 3 
carotenoids each, and of multiple smaller subunits (for a 1.9 Å X-ray structure, see 
Umena et al. 2011). In plants, PSII mostly resides in grana and grana margins 
(Andersson and Anderson 1980), functions as a dimer and is usually surrounded by 
two strongly and two moderately bound trimeric LHCs (consisting of Lhcb1–3 
proteins in different combinations) and by monomeric antenna proteins (CP24, CP26 
and CP29), two of each (Caffarri et al. 2009). Bigger complexes, involving also PSI, 
may exist in vivo (e.g. Järvi et al. 2011; for a review, see Rantala et al. 2020a). 
P680, the reaction center of PSII, may be considered to consist of four 
chlorophyll a molecules (PD1, PD2, ChlD1 and ChlD2; where P stands for pigment and 
subscripts indicate whether the chlorophylls are bound to D1 or D2). Light energy 
transfer from LHCII (light harvesting antenna of PSII) or direct light absorption by 
P680 leads to its excitation, delocalized over at least two of the chlorophylls (Durrant 
et al. 1992) and maybe also at the primary electron acceptor of PSII (a pheophytin a 
molecule called PheoD1; Durrant et al. 1995, Holzwarth et al. 2006). Fast charge 
Introduction 
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separation follows (Fig. 2A–B). At least two pathways function; the primary electron 
donor is either ChlD1 or PD1 (Diner et al. 2001, Novoderezhkin et al. 2007, Romero 
et al. 2010, Renger and Schlodder 2011). Irrespective of the primary donor, the hole 
(P680+) is localized mainly at PD1 (Diner et al. 2001, Nagao et al. 2017), though 
Pavlou et al. (2018) suggested that in far-red light it might reside at ChlD1. Romero 
et al. (2017) reviewed the proposed charge separation pathways as follows (where δ 
denotes charge transfer character of excitations or excitons, indicated by *): 
1. (ChlD1δ+PheoD1δ-)* → ChlD1+PheoD1- → PD1+PheoD1- 
2. (PD1PD2ChlD1)* → (PD2δ+PD1δ-)* → PD1+ChlD1- → PD1+PheoD1- 
 
Figure 2.  Electron transfer in photosystem II. A. Redox cofactors of PSII. The atoms in the 
oxygen evolving complex (OEC) are colored as follows: calcium with green, oxygen 
red and manganese purple. B. A schematic representation of electron transfer 
routes in PSII. Forward electron transfer is indicated with black continuous arrows 
and recombination (back-reactions) with gray dashed arrows. The red continuous 
arrow highlights the recombination reaction that may lead to singlet oxygen (1O2) 
production. C. The Kok cycle of OEC (according to Klauss et al. 2012, Siegbahn 
2013, Kern et al. 2018). S-states (S0–4) indicate oxidation of the Mn ions. Time 
constants are from Meyer et al. (1989), Schatz et al. (1987), Takahashi et al. (1987), 
Vasil'ev et al. (1996), Hastings et al. (1992), de Wijn and van Gorkom (2001) and 
Groot et al. (2005). 
Heta Mattila 
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After the primary charge separation, the charge is stabilized at QA (a PQ 
molecule tightly bound to the D2 protein). QA- donates the electron to a second PQ 
molecule, QB (residing in the D1 protein). After subsequent light absorption and 
charge separation, another electron is donated to QB-. QB2- is reduced sequentially by 
two protons from the stroma (most probably before and after the second electron 
donation from QA-) and then released into thylakoid membrane (described in detail 
in Guskov et al. 2009, Saito et al. 2013, Zobnina et al. 2017, Yao et al. 2018). 
P680+ extracts an electron from a tyrosine residue of PSII (TyrZ; also called YZ), 
producing the neutral radical TyrZ• (a proton is transferred to a nearby hydrogen-
bonded histidine residue; Barry and Babcock 1987, Hays et al. 1998, Junge et al. 
2002). TyrZ• oxidizes the water splitting and oxygen evolving Mn4CaO5 complex 
(OEC). In the Kok cycle (Kok et al. 1970; Fig. 2C), four electrons and four protons 
are extracted from two water molecules with the energy of four photons (i.e. four 
charge separations), leading to evolution of a molecule of dioxygen (O2). In its most 
reduced state (S0), three of the Mn ions of OEC are (most probably) Mn+3 and one is 
Mn+4. Each flash of light further oxidizes a Mn ion (Mn+3→Mn+4), advancing the S-
state (S0→S1→S2→S3). After the fourth flash, a transient S4 (possibly involving a 
Mn5+) is produced, O2 is spontaneously released and OEC returns to S0. Alternating 
electron donation to TyrZ• and proton release into lumen occur simultaneously with 
oxidation of the Mn ions (Fig. 2C; Klauss et al. 2012). However, the exact 
mechanism, specifically formation of the O-O bond, is still under discussion (see 
e.g. Siegbahn 2013, Kupitz et al. 2014, Kern et al. 2018, Suga et al. 2019). 
1.1.3 The mediators: plastoquinone pool, cytochrome b6/f 
complex and plastocyanin 
The lipid-soluble plastohydroquinone (or plastoquinol) QBH2 (hereafter PQH2) 
is oxidized back to PQ in the bifurcated Q-cycle of the Cyt b6f complex (Mitchell 
1976). One electron from PQH2 is donated to the lumenal soluble electron carrier 
protein PC, via a 2Fe-2S cluster and cytochrome f subunit of the Cyt b6f complex, 
and the two protons are released into the lumen. The second electron is donated to 
another PQ molecule (protonation of which doubles the number of protons pumped 
through the thylakoid membrane) via two hemes (or possibly via three; Lavergne 
1983, de Lavalette et al. 2009) of the cytochrome b6 subunit of the Cyt b6f 
(Mulkidjanian 2010, Laisk et al. 2016). 
Those PQ molecules that mediate electron transfer from PSII to Cyt b6f comprise 
the photochemically active PQ pool. In spinach, the size of the pool has been 
estimated to range from four to 12 PQ molecules/PSII (Graan and Ort 1984, Joliot 
et al. 1992, Kruk and Strzałka 1999). Plants contain PQ also in plastoglobuli 
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(chloroplasts localized globules surrounded by a lipid monolayer) and in the 
chloroplast membrane (Kruk and Karpinski 2006). 
Translocation of protons over the thylakoid membrane by the photosynthetic 
electron transport chain creates an electrochemical gradient, which ATPase uses to 
catalyze ATP formation from ADP and inorganic phosphate (Fig. 1C). Lumenal pH 
has been measured to range from 7.5 (low light) to 5.7 (high light) in plants in vivo 
(Takizawa et al. 2007). Besides the pH gradient, a significant part of the proton 
motive force derives from the electric component (Cruz et al. 2001). In addition to 
light intensity, the proton motive force is modulated by changes in the conductivity 
of the ATPase (Kanazawa and Kramer 2002) and via anion and cation transport 
through the thylakoid membrane (for reviews, see Armbruster et al. 2017, Spetea et 
al. 2017). 
1.1.4 Structure and function of photosystem I 
It is generally accepted that PSII and PSI have a common ancestry (possibly 
more closely related to the present-day PSI; see e.g. Orf et al. 2018). Consequently, 
PSII and PSI resemble each other. However, the PsaA and PsaB proteins of PSI core 
comprise both “reaction center” and “inner antenna”. In plants, PSI is surrounded by 
four antenna proteins (Lhca1–4; collectively called LHCI), organized like a half-
moon (for a recent X-ray structure of plant PSI with 2.6 Å resolution, see Mazor et 
al. 2017). The PSI complex binds over 150 chlorophylls and 30 carotenoids and 
consists of more than 15 subunits. Also part of the LHCII may serve PSI (see section 
1.4.1). In plants, PSI resides in stroma thylakoids (Andersson and Anderson 1980). 
Contrary to PSII, where primary charge separation occurs only between the 
cofactors bound to the D1 protein, electron transfer in PSI may proceed either in A 
(via cofactors bound to the PsaA protein) or B (via cofactors bound to the PsaB 
protein) branch (Guergova-Kuras et al. 2001, Santabarbara et al. 2015). However, if 
one or another of the branches is favored, is unclear (for a review, see Santabarbara 
et al. 2010). Both branches bind three chlorophyll a molecules and a phylloquinone 
(PhQ). The reaction center of PSI (P700) is formed by a pair of chlorophylls (one in 
each branch), oriented chlorin rings parallel to each other. After light absorption, 
primary charge separation may occur between P700 and a chlorophyll called A0 
(either A0 in A branch or A0 in B branch). However, it has also been suggested that 
charge separation can occur in both the branches: between a so-called accessory 
chlorophyll (which would therefore not be accessory) and the A0 chlorophyll of each 
branch (Müller et al. 2003, Ptushenko et al. 2008, Giera et al. 2010). After the 
primary charge separation, the electron is donated to one of the PhQs. The two 
branches converge at a 4Fe-4S cluster (named FX) after which the electron is donated 
via two additional 4Fe-4S clusters (FA and FB) to Fd, a soluble protein containing a 
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2Fe-2S cluster. After two subsequent electron donations from two reduced Fds, the 
flavoenzyme FNR catalyzes two electron reduction of NADP+ (NADP+ + 2e- + H+ 
→ NADPH; for a review, see Mulo and Medina 2017). P700+ is reduced by PC. 
1.2 Singlet oxygen 
In an atmosphere with 21 % oxygen, energy and electron transfer reactions 
inevitably lead to production of reactive oxygen species (ROS). ROS can be defined, 
for example, as oxygen-containing compounds that are more reactive towards 
biomolecules than the ground state O2. Some relevant ROS include hydroxyl radical 
(HO•), superoxide (O2•-), hydrogen peroxide (H2O2), different peroxides (e.g. lipid 
peroxides), nitric oxide (NO•), ozone (O3) and singlet oxygen. 
1.2.1 Very shortly about the chemistry of singlet oxygen 
The two outermost electrons of ground state molecular dioxygen have equal 
spins and therefore O2 is a triplet (3O2 or formally 3Σ-gO2). The outermost electrons 
of 3O2 (hereafter O2) occupy their own orbitals (Fig. 3), as two electrons can reside 
on the same orbital only if their spins are opposite (Pauli exclusion principle). 
Because biomolecules are commonly singlets, this restricts the reactivity of O2; 
reactions of O2 can occur via one-electron reduction or after spin inversion (with 
input of energy) in either of the reactants. Spin inversion of one of the electrons of 
O2 produces a singlet form of O2. In the case of 1Σ+gO2, the electrons reside on two 
different orbitals, but this form rapidly decays to 1ΔgO2, where the two electrons 
reside on the same orbital (Fig. 3). The latter form is commonly abbreviated as 1O2. 
 
Figure 3. Different spin 
configurations of molecular 
dioxygen (O2). Ground state triplet 
O2 (3Σ-gO2) can, with addition of 
energy (hν), be converted to a 
singlet form (1Σ+gO2 or 1ΔgO2). The 
two outermost electrons of 3Σ-gO2 
and 1Σ+gO2 reside on two different 
molecular orbitals whereas the 
electrons of 1ΔgO2 reside on a 
single orbital. Orbitals are 
represented by circles (names of 
the orbitals are written on the left). 
The arrows represent electrons 
(with spins “up” or “down”). Here, 
the “double” bond of 3Σ-gO2 is 
approximated as a single bond and 
two “half” bonds, whereas 1ΔgO2 
forms a true double bond. 
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Due to the decreased spin demands, compared to O2, 1O2 rapidly reacts with 
many compounds, including proteins (e.g. histidine, cysteine, methionine, 
tryptophan and tyrosine), lipids (specifically unsaturated fatty acids) and nucleic 
acids (for reviews, see Mattila et al. 2015, di Mascio et al. 2019). Lifetime of 1O2 is 
a few µs in water (Merkel and Kearns 1972) and 20–30 µs in lipid micelles (Lee and 
Rodgers 1983) but has not been measured in photosynthetic organisms in vivo. 
Consequently, the diffusion distance is not known (Mattila et al. 2015, Arellano and 
Naqvi 2016). Measurements from mammalian and plant systems suggest that little 
1O2 could diffuse out of the cells (Moan 1990, Krasnovsky 1994, Prasad et al. 2017). 
1.2.2 Singlet oxygen production by chlorophylls 
Intersystem crossing (spin inversion of one of the outermost electrons) converts 
excited singlet chlorophyll (1Chl*) to triplet form (3Chl), which may donate the 
energy to ground state O2 producing 1O2: 
1. 1Chl + light energy → 1Chl* → 3Chl 
2. 3Chl + O2 → 1Chl + 1O2 
Intersystem crossing occurs with over 60 % yield in dilute chlorophyll solutions 
(Bowers and Porter 1967) making free chlorophylls efficient producers of 1O2 (e.g. 
Krasnovsky et al. 1993). Intersystem crossing may produce triplet chlorophylls (and 
subsequently 1O2) also in light harvesting antennae. 
In the reaction centers, on the other hand, triplet chlorophyll is produced by 
charge recombination reactions. In a recombination, instead of forward electron 
transfer, the electron returns to P680 or P700 (see Fig. 2B for PSII). Recombination 
of the primary radical pair of PSII (P680+PheoD1-) can re-excite P680 or produce 
singlet or triplet reaction center chlorophyll (3P680). If electron transfer to QA is not 
possible, recombination of the primary pair occurs in a few nanoseconds (Schlodder 
and Brettel 1988). In PSII centers that lack QA 3P680 yield is high, 20–30 % per 
excited reaction center (Takahashi et al. 1987, Durrant et al. 1990). Recombination 
of electrons at QA- or QB- is slow (1–1.5 and 30–35 s, respectively) as both reactions 
are very endergonic (Vermaas et al. 1985, Vass et al. 1990). Usually, TyrZ has had 
enough time to reduce P680+ and to advance the S-state of OEC, and therefore the 
S-state is reverted during the recombination: S2/3QA/B- → S1/2QA/B (S1 is stable in 
darkness). In addition to the recombination route re-exciting P680 (excitonic route) 
and the route leading to either ground state or triplet P680 via PheoD1- (indirect 
route), S2/3QA- can recombine via direct tunneling (without reproducing the primary 
radical pair; Rappaport and Lavergne 2009). In PSII centers with an inactive OEC, 
QA- recombines with P680+ with millisecond kinetics (e.g. de Wijn and van Gorkom 
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2002a). At -269 °C, 3P680 is located at ChlD1, but at room temperature ~30 % of the 
triplet was suggested to reside at PD1 (Diner et al. 2001, Noguchi et al. 2001). 
Formation of the triplet reaction center chlorophyll of PSI (3P700), via 
recombination of the radical pair P700+PhQ-, occurs in illuminated PSI complexes 
and chloroplasts (Frank et al. 1979, Rutherford and Mullet 1981). Both 3P680 and 
3P700 can be detected based on their electron paramagnetic resonance (EPR) signals 
(e.g. Rutherford and Mullet 1981). 
1.2.3 Antenna or reaction center? 
Intersystem crossing takes ~5 ns (Shipman 1979), and transfer of excitation 
energy from antennae to a reaction center competes with it. In addition, antennae 
contain carotenoids that efficiently quench both singlet excited and triplet 
chlorophylls (Peterman et al 1995; see also section 1.2.5), dissipating the energy 
safely as heat. Spectroscopic studies (Mozzo et al. 2008) showed that certain lutein 
(a xanthophyll carotenoid) pigments in LHCII quenched 95 % of triplet chlorophylls. 
Carotenoids can detoxify also 1O2, produced by the remaining triplets, via physical 
quenching (energy transfer) or chemical scavenging (oxidation). These 
considerations have usually led to the assumption that not the antennae but the 
reaction centers (specifically P680) are the major sites of 1O2 production in plants, 
algae and cyanobacteria (for a contradicting view, see Santabarbara et al. 2007). 
Calculations by Rehman et al. (2013) show that 3P680 accumulation closely 
resembles measured 1O2 production. Accordingly, Ramel et al. (2012a) reported that 
β-carotene (present in PSII and PSI core), but not xanthophylls (in antennae), is 
oxidized during illumination. Similarly, during a 10 h illumination, no turnover of 
chlorophyll b was observed (Beisel et al. 2010). Chlorophyll a turns over in PSII 
reaction centers but not in LHCs or in PSI (Feierabend and Dehne 1996, Beisel et al. 
2010). On the contrary, chlorophylls in LHCII have high turnover in etiolated 
seedlings upon light exposure (Feierabend and Dehne 1996), suggesting that 
antennae may be more significant sources of 1O2 (only) during their biosynthesis. 
Direct quenching of triplet chlorophylls by carotenoids diminishes 1O2 
production also in the reaction centers of non-oxygenic bacteria (deWinter and Boxer 
1999, Liu et al. 2005) and possibly in the reaction center of PSI (Cazzaniga et al. 
2012). The quenching requires that the emission and absorption spectra of the donor 
and acceptor overlap as well as an overlap between their electron orbitals (Dexter 
1953) and therefore cannot occur in PSII reaction center where the closest two β-
carotenes are too far, 20–30 Å from 3P680 (Umena et al. 2011). A carotenoid situated 
nearer would be irreversibly oxidised by P680+ (formed prior to the triplet), 
rendering the carotenoid useless (Telfer and Barber 1995). Therefore, if a 
recombination reaction produces 3P680, it has little other options than to react with 
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ground state O2, producing 1O2. β-carotenes in PSII core might still be important 
quenchers of 1O2, as mutants with fewer β-carotene molecules per reaction center 
suffer from damage to PSII (Cazzaniga et al. 2012; see also section 1.3). It has also 
been suggested that when QA is reduced, 3P680 would localize over ChlD2 and could 
be quenched by the carotenoid CarD2 (Martínez-Junza et al. 2008); 3P680 decays 
faster when QA- is present (van Mieghem et al. 1995). 
Previously it was thought that PSI does not produce 1O2 (Hideg and Vass 1995). 
Later, maybe due to more sensitive detection methods, 1O2 production by isolated 
PSI complexes was observed (Cazzaniga et al. 2012, Takagi et al. 2016), at a rate of 
about 1/10th of the rate of 1O2 production by PSII preparations. It has been speculated 
that donor and/or acceptor side limitation of PSI may enhance 3P700 formation in 
vivo (Rutherford et al. 2012). Based on the above-mentioned measurements, it 
cannot be judged, however, if the origin of 1O2 is the antenna of PSI or 3P700. Based 
on the presence of oxidized amino acid residues in PSI core and antenna, detected 
by Kale et al. (2020), both sites may generate 1O2. The lifetime of 3P700 is not 
shortened by the presence of O2 (Sétif et al. 1981), contrary to what happens to 3P680 
(Durrant et al. 1990). Therefore, P700 may be shielded from O2, or a carotenoid close 
by very efficiently quenches 3P700. PSI specific illumination could also not induce 
oxidation of carotenoids (Ramel et al. 2012b). In addition, it has been reasoned that 
recombination reactions in PSI occur via the A branch, where a recombination route 
that does not produce 1O2 is favored (Rutherford et al. 2012). Taken together, PSI 
does produce some 1O2 but little of it may derive from 3P700. 
Cyt b6f complex contains a chlorophyll molecule (for a recent cryogenic electron 
microscopy structure with 3.6 Å resolution, see Malone et al. 2019). Some evidence 
has been presented that the chlorophyll produces 1O2 in the light (Sang et al. 2010), 
damaging the complex itself (Taylor et al. 2018). It has been suggested, however, 
that intact Cyt b6f produces little 1O2 (Ma et al. 2009). 
1.2.4 Additional sources of singlet oxygen in plant cells 
Apart from photosensitization by chlorophylls, lipid peroxidation is, perhaps, the 
most relevant route leading to 1O2 production in (photosynthetic) organisms. 
Oxidation of lipids leads to formation of lipid radicals, tetroxides and triplet species. 
Decomposition of the tetroxide may directly produce 1O2 (Russel mechanism) or the 
triplet may donate energy to O2 producing 1O2. Once initiated, lipid peroxidation and 
1O2 production can continue for a long time (for reviews, see Miyamoto et al. 2007, 
Pospíšil et al. 2019). Oxidation of lipids (and, to a smaller degree, of proteins), 
possibly by TyrZ•, P680+, 1O2 or HO•, in PSII preparations with nonfunctional OEC 
has been shown to coincide with 1O2 production (Hideg and Vass 1993, Pospíšil et 
al. 2007, Khorobrykh et al. 2011, Yadav and Pospíšil 2012). In addition, 
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lipoxygenase enzymes, present in plants, algae and cyanobacteria, catalyze insertion 
of O2 into lipids, producing lipid peroxides (for a review, see Andreou and Feussner 
2009). Some plant species also synthetize defense compounds that produce 1O2 in 
the light (for reviews, see Tyystjärvi 2004, Flors and Nonell 2006). 
1.2.5 Non-photochemical quenching and other protective 
measures against singlet oxygen 
Non-photochemical quenching (NPQ) of chlorophyll fluorescence reflects 
dissipation of light energy as heat. The so-called energy-dependent quenching (qE) 
comprises most of regulated NPQ; in plants, acidification of lumen induces 
protonation of the PsbS protein (Li et al. 2000) and conversion of violaxanthin to 
zeaxanthin (Bilger and Björkman 1994). The exact mechanism of qE is unclear; 
reorganization of LHCII and interactions within chlorophylls or between 
chlorophylls and xanthophylls have been proposed (e.g. Holt et al. 2005, Bode et al. 
2009, Müller et al. 2010, Johnson et al. 2011). In any case, NPQ decreases the 
amount of singlet excited chlorophylls, and consequently triplet chlorophylls, in 
antennae (Carbonera et al. 2012), leading to a decrease in 1O2 production (Dall’Osto 
et al. 2012, Roach and Krieger-Liszkay 2012, Girolomoni et al. 2017). Whether NPQ 
affects PSI (Ballottari et al. 2014) or not (Tian et al. 2017) is debated, but also PSI 
complexes produce less 1O2 when isolated from light-acclimated plants compared to 
those isolated from dark-acclimated plants (Dall’Osto et al. 2012). Instead of PsbS, 
in the alga (e.g. Chlamydomonas reinhardtii) NPQ depends on the LHCSR protein 
(Peers et al. 2009) and in cyanobacteria on the OCP. In cyanobacteria, the site of the 
quenching is the phycobilisome core rather than a chlorophyll containing antenna 
(Wilson et al. 2006). 
Accumulation of zeaxanthin can induce NPQ also independently of lumen 
acidification or the PsbS protein (Dall’Osto et al. 2005, Verhoeven 2014). A newly 
indentified lipocalin regulated NPQ mechanism does not require zeaxanthin, lumen 
acidification or PsbS (Brooks 2012, Malnoë et al. 2018). In addition, damage to PSII 
units (section 1.3) causes NPQ. State transitions (section 1.4.1) and chloroplast 
movements (Cazzaniga et al. 2013, Wilson and Ruban 2020) may affect NPQ 
measurements but do not regulate thermal dissipation in PSII. 
In addition to NPQ, the rate of 1O2 production can be affected by modulation of 
recombination reactions. Some cyanobacteria have high and low light forms of the 
D1 protein (Kós et al. 2008). Redox properties of the QA/QA- or Pheo/Pheo- pairs in 
the high light form of D1 favor direct charge recombinations, thereby decreasing 1O2 
production (Tichý et al. 2003, Vass and Cser 2009, Vinyard et al. 2013). In plants, 
exposure to coldness or high light can decrease the redox gap between QA and QB, 
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again favoring the direct recombination (Janda et al. 2000, Ivanov et al. 2006, 2008), 
possibly leading to a decrease in 1O2 production (Ramel et al. 2012a). 
Plants and other photosynthetic organisms contain multiple compounds that can 
quench or scavenge 1O2 (for a review, see Pinnola and Bassi 2018). Lipid-soluble 
carotenoids (discussed above) and tocopherols (see e.g. Kruk et al. 2005, Rastogi et 
al. 2014) are good quenchers of 1O2. In addition, lipid-soluble isoprene (Affek and 
Yakir 2002) and flavonoids, and water-soluble flavonoid glycosides (Majer et al. 
2014), ascorbate and glutathione have been reported to offer protection against 1O2. 
PQH2 molecules react with 1O2 both in vitro and in vivo (Gruszka et al. 2008, 
Kruk and Trebst 2008, Khorobrykh et al. 2015, Ferretti et al. 2018). In plants, the 
photochemically active PQ pool was shown to become oxidized during high light, 
presumably due to a reaction with 1O2 (Kruk and Szymańska 2012). Longer 
illumination decreased also the total amount of PQ molecules (Ksas et al. 2015, 
Ferretti et al. 2018). Continued high light stress increased the size of the non- 
photochemically active PQ pool, supporting the view that in vivo PQ serves also as 
an antioxidant (Ksas et al. 2015). 
1.2.6 Where, when and why to bother? 
1O2 is thought to be a major agent of damage to photosynthetic organisms. 
During illumination, lipid peroxidation in leaves was shown to be mainly due to 1O2 
(Triantaphylidès et al 2008) and the majority of the genes induced in Arabidopsis 
thaliana cell cultures by high light were identified as responsive to 1O2 (González-
Pérez et al. 2011). 1O2 has been reported to have capacity to damage several 
photosynthetic protein complexes, including PSII and PSI (e.g. Hideg et al. 2007, 
Takagi et al. 2016; see also sections 1.3.2 and 1.3.3). Conditions producing 1O2 
induce the protective mechanisms discussed in the previous section. 1O2 also directly 
initiates signaling pathways leading either to high light acclimation or programmed 
cell death (for a review, see e.g. Crawford et al. 2018). 
Under which conditions is 1O2 produced? Even though discussion about 1O2 
commonly relates to high light, 1O2-oxidized lipids and carotenoids have been 
observed even in low light (Triantaphylides et al. 2008, Ramel et al. 2012a). 1O2 
production increases linearly with increasing intensity of light, both in vitro (Fufezan 
et al. 2002) and in vivo (Rehman et al. 2013). It is also often stated that reduction of 
the PQ pool increases 1O2 production (by decreasing forward electron transfer and 
promoting recombination reactions). However, caution should be used, as the rate of 
1O2 production is not only determined by the recombination rate but also by the type 
of the recombination (e.g. Fufezan et al. 2002). Furthermore, only rarely 
measurements of 1O2 are presented. Chemical inhibition of CO2 fixation leads to a 
~30 % increase in 1O2 production in a dinoflagellate alga Symbiodinium (Rehman et 
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al. 2016a). In an A. thaliana mutant (chlorina1), 1O2 production increases two to 
three fold when CO2 concentration decreases to 50 ppm (Ramel et al. 2013); 
unfortunately, 1O2 was measured with singlet oxygen sensor green (SOSG) in white 
light, when the sensor itself may produce 1O2 (Ragás et al. 2009). 
Accumulation of free chlorophylls inside cells would pose a risk for 
photosynthetic organisms (as well as for herbivorous protists; Kashiyama et al. 
2012), as demonstrated in mutants with impaired control of chlorophyll synthesis 
(Przybyla et al. 2008). 1O2 production by chlorophyll catabolites may be relevant 
also in vivo, e.g. in pathogen attack (Mur et al. 2010, Hörtensteiner and Kräutler 
2011, Tarahi Tabrizi et al. 2016), but these processes are not well understood. In 
addition, it has been suggested that 1O2 is produced during repair of damaged PSII 
units (Feierabend and Dehne 1996, Wang et al. 2016a; section 1.3.3). Removal of 
OEC favors recombination reactions that do not produce 1O2 (Spetea et al. 1997, 
Brinkert et al. 2016; see also section 5.2.4) and therefore PSII core may not produce 
1O2 during repair. On the other hand, detachment of some of the chlorophylls bound 
to PSII core or antennae could promote 1O2 production. However, to my knowledge, 
no direct evidence exists. 
How significant are sources other than chlorophyll in 1O2 production? In general, 
1O2 production is much higher in the light than in darkness (Hideg et al. 1994) and 
in photosynthetic tissues than in non-photosynthetic ones (Fig. 4A). Experiments 
with added electron donors or metal chelates suggest that lipid peroxidation is a 
significant source of 1O2 in PSII preparations with inactive OEC (Pathak et al. 2017). 
In vivo, this may become relevant during stresses that inactivate PSII, such as high 
temperature (Yamashita et al. 2008, Rehman et al. 2016a). However, Spetea et al. 
(1997) measured no 1O2 production in Tris-washed (OEC removed) PSII. Also 
enzymatic lipid peroxidation may lead to significant 1O2 production under specific 
stresses. Prasad et al. (2017) showed that a chloroplast localized lipoxygenase 
induces 1O2 production upon wounding. 1O2 production, probably due to 
lipoxygenases (Chen and Fluhr 2018), was observed also inside roots after wounding 
(Mor et al. 2014). In addition, HO• induces lipid peroxidation upon pathogen attack 




Figure 4.  Singlet oxygen and photoinhibition. A. 1O2 production in white (containing only 
undifferentiated plastids) or green (containing functional chloroplasts) leaf sections 
of Hordeum vulgare (cv. Variegata). Leaf discs were vacuum-infiltrated, incubated 
overnight in 200 µM SOSG and fluorescence (excitation wavelength 500 nm) was 
measured before and after a 90 min red (λ > 650 nm) light illumination 
(photosynthetic photon flux density, PPFD, 2000 µmol m-2 s-1). Curves are averaged 
from at least three replications. Wavelength regions corresponding to SOSG and 
chlorophyll fluorescence are indicated. An increase in SOSG fluorescence 
corresponds to 1O2 production and a decrease in chlorophyll fluorescence to NPQ 
formation and photoinhibition. B. Photoinhibition in heavy water (deuterium oxide; 
D2O). Excised leaves of A. thaliana were incubated overnight with petioles in water 
(control) or in D2O, in the absence or presence of 0.4 mg/ml lincomycin and 
illuminated in white light (PPFD 600 µmol m-2 s-1). After 0–120 min of illumination, 
PSII yield was quantified by measuring the fluorescence parameter FV/FM after 30 
min in dark. Error bars show standard deviations (SD) from five biological 
replications. Lines show a fit to the first-order reaction equation (see Materials and 
methods). Significances of differences between the last time points were calculated 
with Student's t-test. Measurements by Pooneh Sotoudehnia (A) and own work (B), 
Molecular Plant Biology, University of Turku. 
1.3 Photoinhibition 
Here, the term photoinhibition of PSII is used to describe light-induced 
irreversible damage to PSII that leads to loss of charge separation and O2 evolution 
activities of PSII and to proteolytic degradation of the reaction center protein D1. In 
order to recover from photoinhibition, the D1 protein is replaced in the so-called 
repair cycle (section 1.3.3). PSII photoinhibition occurs in all oxygenic 
photosynthesis (with a possible exception of a desert alga Chlorella ohadii; Treves 
et al. 2016), from very low light to intensities several times higher than required to 
saturate photosynthesis. The rate of the damage is directly proportional to the 
intensity of light (Tyystjärvi and Aro 1996). Inactive PSII units accumulate (net 
photoinhibition), if repair reactions cannot keep up with the rate of the damage; this 
may occur e.g. in high light. 
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1.3.1 Photodamage to photosystem II in ultraviolet radiation  
Ultraviolet (UV) radiation (200–400 nm) causes photoinhibition of PSII with 
much higher quantum yield than visible light (Jones and Kok 1966a), damaging 
mostly OEC, while the quinones and TyrZ are also affected (Renger et al. 1989, Vass 
et al. 1996). Loss of the reaction center activity (i.e. charge separation ability) of PSII 
coincides with the loss of the D1 protein (Hakala et al. 2005). The reason for the 
damage is probably absorption of UV radiation by Mn+3 or Mn+4 ions of OEC 
(Ruettinger et al. 2000, Szilárd et al. 2007), possibly leading to release of a Mn ion 
(Hakala et al. 2005). The exact mechanism is not clear. UV-B (280–315 nm) does 
not induce 1O2 production, but formation of HO• was observed (Hideg and Vass 
1996). The HO• scavenger propyl gallate also partly protected PSII from UV-B 
induced photoinhibition in vitro (Lazarova et al. 2014). 
UV-A (315–400 nm) damages PSII with a lower yield than UV-B or UV-C (200–
280 nm), but sunlight on the surface of Earth contains much more UV-A than UV-
B or UV-C. Therefore, UV-A has a high capacity to cause damage under natural 
conditions (Sarvikas et al. 2006); 35 % of sunlight-induced photoinhibition in 
indoors-grown pumpkin leaves was caused by UV-A (Hakala-Yatkin et al. 2010). 
Many organisms have evolved protective mechanisms, such as compounds screening 
UV radiation (see Rozema et al. 2002, Pescheck et al. 2014, Tilbrook et al. 2016). 
Indeed, removal of UV-A from sunlight did not affect photoinhibition in outdoors-
grown pumpkin leaves as, due to the presence of protective compounds, the UV-A 
radiation did not reach thylakoid membranes (Hakala-Yatkin et al. 2010). 
1.3.2 How does visible light damage photosystem II? 
The mechanism of photoinhibition of PSII under visible light is debated (for 
reviews, see Vass 2012, Tyystjärvi 2013, Nishiyama and Murata 2014). The main 
mechanisms discussed in recent literature may be roughly divided as 1O2 or donor 
side hypotheses. According to the latter, the damage to PSII is caused by light 
absorption of the Mn ions of OEC, similarly as under UV radiation (Hakala et al. 
2005, Ohnishi et al. 2005). Alternatively, long-lived P680+ or TyrZ•, observed in 
OEC-less PSII, may extract electrons from their surroundings (Jegerschöld et al. 
1990, Anderson et al. 1998). In the 1O2 (or recombination) hypotheses, PSII is 
inactivated by oxidation of the D1 protein by 1O2 produced via recombination 
reactions (Keren et al. 1997, Vass 2012). In addition, 1O2 produced in antennae 
(Santabarbara et al. 2002) or other ROS (e.g. Song et al. 2006) have been proposed 
to cause photoinhibition of PSII. 
Several lines of evidence support the involvement of recombination reactions 
and 1O2 in photoinhibition of PSII. 1O2 can damage PSII and induce degradation of 
the D1 protein in vitro (Durrant et al. 1990, Hideg et al. 2007). 1O2 production and 
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photoinhibition have similar responses to intensity (Rehman et al. 2013) and quality 
(Jung and Kim 1990) of light, however, Jung and Kim (1990) used a 1O2 detection 
method (imidazole and p-nitrosodimethylaniline) that inactivates PSII (Stemler and 
Jursinic 1983). Recombination reactions modulated to decrease or increase 1O2 
production have been shown to decrease or increase, respectively, the rate of the 
damage to PSII (Fufezan et al. 2002, Cser and Vass 2007, Rehman et al. 2013, Davis 
et al. 2016, Treves et al. 2016). In addition, quenchers and scavengers of 1O2, such 
as carotenoids, protect PSII (e.g. Barényi and Krause 1985, Cazzaniga et al. 2012, 
Hakkila et al. 2014), even though the protection is not always observed (Tschiersch 
and Ohmann 1993, Nishiyama et al. 2001, Hakala-Yatkin et al. 2011). Dissipation 
of excess light energy decreases photoinhibition of PSII (e.g. Sarvikas et al. 2006), 
however, to a degree that may be too small to fully support the recombination 
hypothesis (Tyystjärvi et al. 2005). On the other hand, it was argued that 
conventional NPQ parameters do not correctly estimate the protective effect 
(Lambrev et al. 2012). Measurements by Dall’Osto et al. (2012) suggest that an NPQ 
deficient mutant (npq1) produces about two times as much 1O2 as the wild type. 
Photoinhibition proceeded, according to Sarvikas et al. (2006), 5–20% faster in the 
mutant than in the wild type. 
Experimental results support also 1O2-independent mechanisms. Photoinhibition 
proceeds under anaerobic conditions (Satoh 1970, Chaturvedi et al. 1992, Hakala et 
al. 2005, Fan et al. 2016), where no 1O2 is produced (Hideg et al. 1994). The lifetime 
of 1O2 is lengthened by ~10 times in D2O, but photoinhibition in vivo does not 
proceed faster in D2O than in water (Fig. 4B). The action spectrum of photoinhibition 
of PSII (reviewed by Zavafer et al. 2015a) resembles the absorption spectra of Mn-
clusters (Hakala et al. 2005; for an artificial Mn-cluster closely resembling that of 
PSII, see Zhang et al. 2015) and is dramatically different in OEC-less PSII (Hakala 
et al. 2005). However, peaks at orange and red lights, observed in some of the 
measured action spectra, support the idea that photoinhibition is at least partially 
driven by light absorbed by PSII antenna (e.g. Santabarbara et al. 2002, Tyystjärvi 
et al. 2002, Havurinne and Tyystjärvi 2017). In the Mn-hypothesis (Hakala et al. 
2005), also called two-step mechanism (Ohnishi et al. 2005), after initial inactivation 
of OEC, P680+ was assumed to cause additional damage. If OEC could recover from 
the initial damage (without the repair cycle) and an additional damage, via a P680 
related mechanism (or via 1O2), would be needed to solidify the inactivation, a 
deviation from first order kinetics should be observed. However, photoinhibition of 
PSII proceeds with first order kinetics (e.g. Sarvikas et al. 2010). Therefore, to 
comply with the photoinhibition kinetics, the initial damage must already 
irreversibly inactivate PSII and any secondary damage should inactivate another, still 
functional PSII unit (Tyystjärvi 2013). 
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The molecular nature of the event inactivating PSII is not clear, but damage to 
P680, PheoD1, the quinones (Cleland 1986, Ohad et al. 1990, Hou 2014) or OEC have 
been suggested. Kale et al. (2017) identified several oxidative modifications in the 
D1 and D2 proteins with mass spectroscopy. After 15 min of illumination, most 
oxidized amino acids were found in the vicinity of OEC whereas after 30 min of 
illumination modifications close to P680 appeared (Kale et al. 2017). This agrees 
with the finding that, during photoinhibition, the reaction center activity of PSII is 
less affected than the water splitting capacity (Chaturvedi et al. 1992, Hakala et al. 
2005, Zavafer et al. 2015b). Several oxidized histidine and tryptophan residues (Kale 
et al. 2017) may speak for the involvement of 1O2, however, the authors proposed 
that HO• produced after H2O2 formation during incomplete water oxidation by OEC 
and O2•- formed by O2 reduction by PheoD1- and/or QA- caused the damage. 
1.3.3 The repair cycle 
Repair of damaged PSII units (for reviews, see Järvi et al. 2015, Theis and 
Schroda 2016) starts with monomerization of the PSII dimer and in plants with 
migration of PSII to grana margins or to stroma thylakoids (Yamamoto et al. 1981, 
Baena-González et al. 1999, Aro et al. 2005, Herbstová et al. 2012, Nagarajan and 
Burnap 2014). Specific zones for PSII repair may exist also in cyanobacteria 
(Sacharz et al. 2015). In plants, these steps are, at least partly, controlled by 
phosphorylation and dephosphorylation of the D1 (and D2) protein (Koivuniemi et 
al. 1995). PSII is partially disassembled (Christopher and Mullet 1994, Weisz et al. 
2019), the D1 protein is degraded by Deg1 and FtsH proteases (Ohad et al. 1984, 
Lindahl et al. 2000, Silva et al 2003, Kapri-Pardes et al. 2007, Krynická et al. 2015, 
Knopf and Adam 2018) and a new D1 protein is co-translationally inserted into the 
PSII complex (Zhang et al. 1999, Zhang et al. 2001). Finally, PSII is reassembled 
(Bowyer et al. 1992, Rokka et al. 2005). 
The repair cycle is sensitive to ROS: H2O2, 1O2 and O2•- all inhibit synthesis of 
the D1 protein (but did not affect the rate of the damage; Nishiyama et al. 2001, 
2004, Jimbo et al. 2013). In Synechocystis, inactivation of the translation machinery 
is due to oxidation of cysteine residues in two elongation factors, EF-Tu and EF-G 
(Kojima et al. 2009, Yutthanasirikul et al. 2016). In A. thaliana, high light stress may 
transiently inactivate also the FtsH protease (Zaltsman et al. 2005, Kato et al. 2018). 
It was recently shown that the enzyme converting zeaxanthin back to violaxanthin 
upon NPQ relaxation is inactivated during photoinhibition, which possibly protects 
PSII repair (Bethmann et al. 2019). 
As damage proceeds simultaneously with repair, it is often useful to separate the 
processes in research. In plants and algae, the D1 protein is coded by the chloroplast 
genome, and inhibitors of bacterial translation, most commonly lincomycin or 
Introduction 
 29
chloramphenicol (of these two, lincomycin may be preferred as it is shown not to 
block nuclear translation and chloramphenicol produces O2•-; Okada et al. 1991, 
Mulo et al. 2003, Rehman et al. 2016b, Kodru et al. 2020), can be used to block the 
repair (for an example, see Fig. 4B). 
1.3.4 Photoinhibition of photosystem I 
PSI too can be damaged in light, specifically at low temperatures (Terashima et 
al. 1994) and under high (e.g. Huang et al. 2015) or fluctuating light (Tsuyama and 
Kobayashi 2008, Suorsa et al. 2012). In the absence of (other) electron acceptors, 
PSI donates electrons to O2, producing O2•- (Asada et al. 1974; for the site of the 
production, see Kale et al. 2020 and discussion in Khorobrykh et al. 2020a). O2•-, or 
other ROS derived from O2•- (H2O2 via dismutation and HO• via dismutation and 
Fenton chemistry), may damage PSI (Takahashi and Asada 1988, Sonoike 1996, 
Tjus et al. 1998, Grieco et al. 2012), possibly the Fe-S clusters (Inoue 1986, Tiwari 
et al. 2016). In addition, based on e.g. protective effects of scavengers of 1O2, a role 
for 1O2 has been suggested (Rajagopal et al. 2005, Cazzaniga et al. 2012, Takagi et 
al. 2016, Kale et al. 2020). As PSI photoinhibition requires O2 (and electrons from 
PSII), it does not occur under anaerobicity (Satoh 1970). Contrary to PSII, UV 
radiation does not damage PSI (Jones and Kok 1966b). Recovery from PSI 
photoinhibition is costly (Zhang and Scheller 2004, Lima-Melo et al. 2019). 
It has been suggested that the function of photoinhibition of PSII is to protect 
PSI (Sonoike 2011, Tikkanen et al. 2014). So, is the extent of PSII repair regulated 
(the extent of the PSII damage increases linearly with light, give or take some 
modulation by the above described protective measures such as NPQ)? Replacement 
of a cysteine residue in the cyanobacterial EF-Tu with an amino acid not sensitive to 
ROS rendered EF-Tu more tolerant against high light stress and improved PSII repair 
(Jimbo et al. 2018). Thus, the susceptibility of the translation machinery to oxidative 
stress may not be a necessity of its function but a regulation mechanism. However, 
in Synechocystis, transcription for the messenger RNA of the D1 protein increases 
in high light (Mohamed and Jansson 1989) following the amount of PSII 
photoinhibition (Tyystjärvi et al. 2002). Also the amount of EF-Tu increases in high 
light, leading to decreased net photoinhibition (Jimbo et al. 2019). Exposure to high 
light leads to increased amount and/or activity of FtsH in C. reinhardtii (Wang et al. 
2017) and in plants (Sinvany-Villalobo et al. 2004), enhancing the repair of PSII 
(Tyystjärvi et al. 1992, Aro et al. 1994, Serôdio et al. 2017). Therefore, at least in 
continuous high light, it seems more important to keep PSII functional, rather than 
to limit the electron flow to PSI (by means of PSII photoinhibition; see also section 
1.4.2). Sustained low electron transfer rates of PSII (compared to those of PSI) were 
proposed to protect PSI during sunflecks in a shade plant (quantitative comparisons 
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are, however, not possible based on fluorescence data only, as presented by Sun et 
al. 2020). Measurements of PSI functionality from C. ohadii, which can grow under 
extreme light intensities while PSII seems not to get inhibited (Treves et al. 2016), 
or from the cyanobacterial mutants in which the normally sensitive translation is 
made more tolerant against ROS (Jimbo et al. 2018), may be of interest. 
1.4 Responses to changing quantity and quality of 
light 
Photosynthetic organisms have evolved multiple mechanisms to cope with 
constantly changing natural conditions (for an interesting example of a plant 
experiencing fluctuating light intensities, see Townsend et al. 2018). Synthesis of 
light screening compounds (e.g. against UV radiation) can reduce the amount of 
irradiation received by the photosystems. Plants (and other photosynthetic 
organisms) can optimize light capture by leaf and chloroplast movements and by 
reorganizing the thylakoid membrane and photosynthetic machinery, for example by 
modulating antenna sizes (e.g. Kasahara et al. 2002, Khatoon et al. 2009, Betterle 
2009, Zhao et al. 2020). If light is, however, absorbed in excess, NPQ can dissipate 
it as heat (section 1.2.5). Some of the alternative electron transfer pathways may be 
considered as dissipative, too. Excess light can be also partly utilized by enhancing 
sinks (e.g. Seemann et al. 1987). If produced in excess, ROS can be detoxified (see 
section 1.2.5 for 1O2). Finally, damaged cell components can be repaired or replaced 
(see e.g. Li et al. 2018, Nakamura et al. 2018). Some of these mechanisms are 
discussed in more detail below. 
1.4.1 Balancing the photosystems: roles for plastoquinone 
redox state 
PQ molecules mediate electron transfer from PSII to PSI and, consequently, in 
low light, the redox state of the PQ pool depends on the relative electron transfer 
rates of the two photosystems. In high light, electron transfer through Cyt b6f 
complex becomes the limiting step (Stiehl and Witt 1969; section 1.4.2), which leads 
to reduction of the PQ pool (note that 1O2 produced by high light can also oxidize 
PQH2; section 1.2.5). 
State transitions change excitation distribution between PSII and PSI. The STN7 
kinase (STT7 in C. reinhardtii) is activated by reduction (occupancy of a PQH2 
molecule at the lumenal Qo site of the Cyt b6f complex) of the PQ pool (Vener et al. 
1995, Zito et al. 1999). How exactly the lumenal redox message is transferred to the 
STN7 residing on the stromal side of the thylakoid membrane is unclear (see e.g. 
Vladkova 2016, Dumas et al. 2017). In any case, LHCII is phosphorylated (Depège 
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et al. 2003, Bellafiore et al. 2005, Pietrzykowska et al. 2014), which leads to an 
increase in the absorption cross-section of PSI and/or to a decrease in the absorption 
cross-section of PSII (state 1 → state 2). Which LHCII (those bound to PSII super-
complex, or free, “extra” LHCII, those in grana margins, or all) migrate to PSI, and 
to which degree (if at all), is not clear (e.g. Delosme et al. 1996, Wientjes et al. 2013a, 
Grieco et al. 2015, Ünlü et al. 2015, Bos et al. 2019). Oxidation of the PQ pool 
activates the TAP38 phosphatase (PPH1 in C. reinhardtii, where also PBCP may be 
involved; Cariti et al. 2020), which leads to dephosphorylation of LHCII and back 
to state 1. 
In plants, state transitions optimize light absorption under low light (state 2 is not 
induced in high light even though the PQ pool may be reduced, probably due to 
inactivation of STN7 by thioredoxins; Rintamäki et al. 2000, Ancín et al. 2019) or 
fluctuating light (Bellafiore et al. 2005, Wagner et al. 2008, Tikkanen et al. 2010) 
and after PSI photoinhibition (Rantala et al. 2020b). The amplitude of state 
transitions can be much bigger in C. reinhardtii than in plants (see e.g. Delosme et 
al. 1996, Drop et al. 2014), CP29 and CP26 are involved (Kargul et al. 2005) and a 
part of LHCII may disconnect from any photosystem in state 2 (Nagy et al. 2014). 
C. reinhardtii mutants incapable of state transitions suffer in high light, possibly due 
to increased production of H2O2 (Allorent et al. 2013). Redox state of the PQ pool 
has been shown to regulate state transitions also in cyanobacteria (Mullineaux and 
Allen 1990, Mao et al. 2002) but the mechanism and the contribution of the 
phycobilisome are not resolved (e.g. Ranjbar Choubeh et al. 2018; for a review, see 
Kirilovsky 2015). In addition, it was recently shown that neither the Cyt b6f complex 
nor phosphorylation events are involved in cyanobacterial state transitions 
(Calzadilla et al. 2019). 
In addition, the redox state of the PQ pool has been shown to regulate the 
expression of chloroplast and nuclear genes. For example, LHCII transcription was 
shown to be affected in the green alga Dunaliella tertiolecta (Escoubas et al. 1995, 
Chen et al. 2004) and in plants (Yang et al. 2001). In cyanobacteria, the stoichiometry 
of the photosystems was suggested to be under the control of PQ redox state (Allen 
et al. 1989). However, wider scale transcription studies do not show a clear set of 
genes regulated by the redox state of the PQ (see e.g. Piippo et al. 2006, Bräutigam 
et al. 2009, Pesaresi et al. 2009, Bode et al. 2016). Signaling cascades are not well 
known, but an involvement of the STN7 kinase has been proposed (Pesaresi et al. 
2009, Berger et al. 2014, Petrillo et al. 2014). Recently it was shown that self-
phosphorylating activity of the chloroplast sensor kinase is inhibited by PQH2 
(Ibrahim et al. 2020). The kinase represses transcription of some chloroplast genes 
and was proposed to transfer the PQ pool redox signal to gene expression changes 
(Puthiyaveetil et al. 2008, Ibrahim et al. 2020). In addition, H2O2 produced by PQH2 
(Khorobrykh et al. 2015; for a review, see Khorobrykh et al. 2020a) has been 
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proposed to act as a signaling molecule, regulating e.g. stomatal closure and PSII 
antenna size (Borisova-Mubarakshina et al. 2015, Wang et al. 2016b). 
1.4.2 Photosynthetic control 
Oxidation of PQH2 by the Cyt b6f complex may take several milliseconds (Stiehl 
and Witt 1969, Laisk et al. 2016), making it the slowest step of the photosynthetic 
electron transport chain (for discussion, see Hasan and Cramer 2012, Tikhonov 
2018). Lumen acidification below pH ~6.5 further slows down oxidation of PQH2 at 
the Cyt b6f (Tikhonov et al. 1984, Hope et al. 1994). Other mechanisms decreasing 
the activity of Cyt b6f may also exist (Heimann et al. 1998, Laisk et al. 2005). This 
limitation of the electron transfer rate by lumen acidification (commonly due to high 
light) is termed “photosynthetic control”. Photosynthetic control keeps PSI 
sufficiently oxidized preventing photoinhibition of PSI (Grieco et al. 2012, Suorsa 
et al. 2012). 
1.4.3 Cyclic pathways and other alternative routes 
In addition to the linear electron transfer, several alternative routes exist. A cyclic 
electron transfer (i.e. separate from charge recombinations) within PSII is assumed 
to function: cytochrome b559 may reduce P680+, possibly via the β-carotene CarD2 
and/or the chlorophyll ChlZD2 (Knaff and Arnon 1969, Buser et al. 1992, 
Shinopoulos et al. 2014). Cytochrome b559 is then reduced by electrons from QB- or 
PQ pool (for a review, see Shinopoulos and Brudvig 2012). Simultaneous proton 
pumping from QBH2 to lumen has been proposed (Ananyev et al. 2016, 2017) even 
though, to my understanding, no convincing evidence exists. The pathway protects 
PSII either by dissipating excess energy when linear electron transfer and NPQ 
cannot keep the PQ pool sufficiently oxidized, or by preventing accumulation of 
oxidizing CarD2+ (Telfer et al. 1991, Barber and De Las Rivas 1993, Miyake and 
Okamura 2003, Faller et al. 2005, Feikema et al. 2006, von Sydow et al. 2016). 
In contrast to the cyclic electron transfer within PSII, cyclic electron transfer 
from PSI (most probably via reduced Fd) back to the PQ pool conserves energy in 
the form of ATP (but not NADPH; see Fig. 1C). Two pathways are known to 
function; the PGR5 and PGRL1 dependent route (Munekage et al. 2002, DalCorso 
et al. 2008, Hertle et al. 2013) and the NAD(P)H dehydrogenase (or NADH 
dehydrogenase-like) complex dependent route (e.g. Shikanai et al. 1998). In plants, 
the PGR5 route seems to be more important (Munekage et al. 2004). 
These cyclic pathways may balance the ATP/NADPH ratio. Based on theoretical 
predictions, 4.7 protons need to go through the ATPase of chloroplasts to produce 
an ATP molecule (e.g. Rastogi and Girvin 1999, Seelert et al. 2000), however, 
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measurements rather suggest ~4 (van Walraven et al. 1996, Petersen et al. 2012). 
Assuming the latter, linear electron transport would produce an ATP/NADPH ratio 
of 3/2 (=1.5), which exactly matches the ATP/NADPH need of CO2 fixation 
reactions. Accordingly, Laisk et al. (2005) did not observe much cyclic electron 
transfer under low light, suggesting little “ATP deficiency”. In addition to CO2 
fixation, ATP is needed for other chloroplast functions, such as nitrogen metabolism 
and protein import and synthesis. It has been suggested that cyclic electron transfer 
is important also in supplying ATP for the repair cycle of PSII (Endo et al. 1999, 
Huang et al. 2018a, Murata and Nishiyama 2018). 
Cyclic electron transfer may significantly contribute to the total electron transfer 
during stress conditions or in the case of sink limitations (e.g. Harbinson and Foyer 
1991) and during dark to light transitions (Joliot and Joliot 2002). Importantly, cyclic 
electron transfer induces lumen acidification, proposed to protect both PSII and PSI 
from photoinhibition by inducing NPQ and photosynthetic control, respectively 
(Munekage et al. 2002, DalCorso et al. 2008, Suorsa et al. 2012, Yamori and 
Shikanai 2016). Accordingly, PSI is damaged in mutants incapable of cyclic electron 
transfer (Munekage et al. 2004, Suorsa et al. 2012). However, the sensitivity of the 
pgr5 mutant (Suorsa et al. 2012) may not be due to the inactivated cyclic electron 
transfer per se but because of impairments in Cyt b6f complex (Buchert et al. 2020) 
or proton conductivity of the ATPase (Avenson et al. 2005). Upon high light, 
acidification of lumen is accelerated also by ion channels and decreased proton 
conductivity of the ATPase (Armbruster et al. 2017, Huang et al. 2018b). 
O2 reduction by PSI or plastid terminal oxidase (for a review, see Nawrocki et 
al. 2015) may at least in some conditions contribute to oxidation of the PQ pool 
(Asada 2000, Li et al. 2016, Kambakam et al. 2016, Rantala et al. 2020b). In the 
dark, NADH dehydrogenase-like complex may reduce the PQ pool (Burrows et al. 
1998). In cyanobacteria, some algae and gymnosperm plants, flavodiiron proteins 








2 Aims of the study 
The present work intends to find answers to basic research questions, related to 
photosynthetic reactions and their regulation in plants and cyanobacteria, which have 
so far remained unresolved. More specifically, I aimed: 
1. To develop detection methods for 1O2, and to measure 1O2 from 
photosynthetic organisms in order to understand the origin and role of 1O2 
in photosynthesis, especially as a damaging agent, 
2. To resolve the mechanism(s) of photoinhibition of PSII, and 
3. By directly measuring the redox state of the photochemically active PQ 
pool from plants, to better understand how the redox state of the PQ pool 
responds to different light conditions. 
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3 Materials and methods 
3.1 Organisms and growth conditions 
The main organisms used in the present work were wild types of the plants A. 
thaliana and Cucurbita maxima (pumpkin) and the cyanobacterium Synechocystis 
sp. PCC 6803. Plants were grown under PPFD of 100–200 µmol m-2 s-1 at ~20 °C 
with day/night rhythms of 8 h/16 h for A. thaliana and 16 h/8 h for C. maxima. 
Synechocystis was grown in BG-11 (Rippka et al. 1979; buffered to pH 7.5 with 20 
mM Hepes-KOH) as batch cultures with mixing under constant PPFD of 40 µmol 
m-2 s-1 at 32 °C. Thylakoid membranes were isolated from leaves as described in 
Hakala et al. (2005) and stored at -75 °C until use. 
3.1.1 Light sources 
“White” lights may greatly differ from each other. Spectra of growth lights for 
A. thaliana (growth chamber) and C. maxima (greenhouse), as well as spectra of the 
Sun and several high light sources used here are presented in Fig. 5. 
 
Figure 5.  Spectra of different light sources. A. Photon number spectra, normalized to equal 
number of photons at 400–800 nm, from Osram Powerstar HQI-BT lamps (a Weiss 
Gallenkamp growth chamber), a halogen lamp (Greenhouse), the Sun (measured 
on 27.2.2020 on a cloudless day in Turku, Finland), an LED (light emitting diode) 
based sunlight simulator (SLHolland) and a high-pressure xenon lamp (Sciencetech 




Monochromatic illumination was obtained with different LEDs (LED Fedy, 
China) or defined by filters (e.g. Corion, Newport Corporation), UV radiation with 
VL-8.LC and VL-8.M lamps (Vilber Lourmat, France) and short flashes with a 
Nd:YAG laser (532 nm, 4 ns; Continuum, USA) or an FX-200 xenon lamp (3 µs; 
EG&G, USA). Intensity and spectra were measured with wavelength-calibrated light 
sensors, LI-189 (LiCor, USA) and STS-VIS (Ocean Optics). 
3.2 Chlorophyll a fluorescence and P700 signal 
Photosynthesis can be studied by chlorophyll a fluorescence; fluorescence 
competes with charge separation and heat dissipation (in PSII). Pulse amplitude 
modulated (PAM) fluorometry was used to probe the quantum yield of PSII 
photochemistry (FV/FM), electron transfer rate, NPQ, photochemical quenching (qP 
or qL; Maxwell and Johnson 2000, Kramer et al. 2004) and other PSII parameters. 
Recombination reactions were measured with thermoluminescence: a thylakoid 
sample was given a Xenon flash at -10 °C and fluorescence yield was recorded while 
heating the sample at a constant rate (0.56 °C/s). Absorption cross-sections of PSII 
and PSI were studied by measuring fluorescence spectra at -196 °C (77 K; in liquid 
N2): a dilute thylakoid sample (to prevent re-absorption of fluorescence resulting in 
an over-estimation of light absorption by PSI) was excited with monochromatic light 
with a wavelength shorter than those of chlorophyll fluorescence. 
Contribution of PSI to variable fluorescence at room temperature is small 
(Franck et al. 2002). Instead, redox states of P700 and PC were followed by 
measuring absorbance changes at specific near-infrared (NIR) wavelengths. NIR 
signals recorded by DUAL-KLAS-NIR fluoro/spectrometer (Walz GmbH) were 
empirically deconvoluted by Schreiber and Klughammer (2016). 
3.3 Quantification of photoinhibition 
Photoinhibition of PSII was measured by the fluorescence parameter FV/FM (after 
dark incubation to relax NPQ) or by light-saturated rate of O2 evolution of thylakoids 
or Synechocystis cells in the presence of artificial electron acceptors. In the case of 
Synechocystis cells or intact leaves, the repair cycle was blocked with lincomycin. 
In the absence of repair, the rate constant of photoinhibition of PSII (kPI) was 
calculated by fitting the loss of PSII activity to the first-order reaction equation 
(y=A*e-kPI*t, where y is FV/FM or O2 evolution and t is time. A was fixed to a control 
value of FV/FM or PSII oxygen evolution). In isolated thylakoid membranes, also the 
rate of PSII inactivation in darkness was measured, and this rate constant was 
subtracted from the final values. 
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3.4 Measurements of singlet oxygen 
1O2 was measured from thylakoid membranes with 2,2,6,6-tetramethylpiperidine 
(TEMP) or histidine. The reaction of TEMP with 1O2 is specific to 1O2 (Zang et al. 
1995) and produces 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), which can be 
detected with EPR (Lion et al. 1976). Here, a method to quantify TEMPO with ultra 
high-performance liquid chromatography ((U)HPLC; Acquity UPLC, Waters 
Corporation, USA) combined with an electrospray ionization triple quadrupole mass 
spectrometer (Xevo TQ, Waters Corporation) was developed. The column used was 
Acquity UPLC BEH Phenyl (Waters Corporation). Acetonitrile and 0.1 % formic 
acid were used as solvents. The rate of the reaction of TEMP with 1O2 increases with 
pH (Houba-Herin et al. 1982), and therefore an alkaline pH 8.7 was used. 
Histidine reacts with 1O2, but not with H2O2 or O2•- (Rehman et al. 2013). In a 
biological system, 1O2 may be deactivated by collisions with water molecules (O2 → 
1O2 → O2), other quenchers and potential reaction partners (e.g. Merkel and Kearns 
1972); in the presence of histidine, less of 1O2 is deactivated by collisions with water. 
Therefore, a decrease in O2 concentration in the presence of added histidine reflects 
1O2 production by the sample (Telfer et al. 1994, Rehman et al. 2013). O2 
concentration was recorded with an O2 electrode (Hansatech Instruments Ltd, UK) 
or an optical sensor (Firesting, PyroScience GmbH). Isolated thylakoid membranes 
consume O2 in the absence of histidine (mainly due to O2 reduction by PSI; Asada 
et al. 1974) and thus measurements in the presence and absence of histidine are 
needed. Different stable isotopes of O2 (16O and 18O; 18O is rare in the nature) were 
distinguished with membrane inlet mass spectroscopy (MIMS); gases diffused from 
a sample chamber through a PTFE membrane via vacuum lines to Prima PRO 
Process Mass Spectrometer (Thermo Scientific™). The dye Rose Bengal was used 
to chemically produce 1O2 in light with a known yield (Redmond and Gamlin 1999). 
3.5 Measurements of plastoquinone 
Total amount and the redox state of the PQ pool were measured with HPLC 
(Agilent; Kruk and Karpinski 2006) as described in Khorobrykh et al. (2020b), from 
plant leaves. Shortly, leaves were fast (~10 s) ground in ice-cold dry ethyl acetate 
under treatment conditions, the extract was dried under N2 flow, dissolved to a 
solution of methanol and hexane and divided into two parts; the other part was 
immediately assayed with HPLC. All PQ in the other part was reduced by freshly 
made NaBH4 (2 mM). Based on these measurements, the ratio of PQH2 to all PQ in 
the sample can be calculated. To obtain fully oxidized photochemically active PQ 
pool as a reference, leaves were illuminated for 4 min with 690 nm light (PPFD 50 
µmol m-2 s-1), and dark-acclimated leaves were illuminated for 30 s with high light 
(PPFD 2000 µmol m-2 s-1), to obtain fully reduced photochemically active PQ pool.
4 Overview of the results 
4.1 Mass spectroscopy could be used to quantify 
singlet oxygen 
A method, combining liquid chromatography with a triple quadrupole mass 
spectrometer (UHPLC-MS), was developed to quantify TEMPO, the reaction 
product of TEMP and 1O2. A high concentration of TEMP (here 20 mM was used) 
is required to detect 1O2 from photosynthetic material. Therefore, to protect the mass 
spectrometer, samples were diluted 50-fold prior to the analysis. As the 
concentration of the reaction product, TEMPO, is much smaller than that of TEMP, 
further dilution should be avoided. Reliable quantification of TEMPO was ensured 
by directing only TEMPO to mass spectrometer; otherwise the UHPLC flow 
(including TEMP) went to waste. With the UHPLC-MS method, TEMPO was first 
quantified from solutions with known concentrations of TEMPO. The response of 
the signal to the amount of TEMPO was linear (Fig. 4 in Paper I). TEMPO could be 
detected also from samples where 1O2 was produced by illuminating Rose Bengal or 
isolated pumpkin (C. maxima) thylakoid membranes in the presence of TEMP (Fig. 
4 in Paper I). The results correlated well (R2 = 0.83–0.99; Fig. 7 in Paper I) with 
quantifications of the same samples with a traditionally used EPR method. The rate 
of the reaction between TEMP and 1O2 was calculated based on how much the Rose 
Bengal solution, which absorbed 2.6 % of the light, produced TEMPO. It could be 
then calculated that thylakoids produced 3.7 x 10-7 1O2 chlorophyll-1 s-1. 
The newly developed UHPLC-MS method allows fast measurements (one 
sample takes a bit over seven min) of multiple samples. However, long storage, even 
at -75 °C under an inert gas, is not advisable, as the signal decreased up to ~30 % 
during the storage (Fig. 6 in Paper I). 
4.2 Nascent oxygen produced by photosystem II 
was not converted to singlet oxygen 
If histidine is added to a sample, it efficiently reacts with 1O2 (mostly originating 
from gaseous O2) and thereby decreases the O2 concentration of the sample; the more 
1O2 is produced, the faster is the decrease (Telfer et al. 1994, Rehman et al. 2013; 
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see Materials and methods for details). Consequently, 1O2 production can be 
measured by recording O2 concentration in the presence and absence of histidine. 
Here, oxygen (16O2) dissolved in the buffer was replaced with a heavier isotope (18O2) 
and concentrations of the two isotopes were monitored with MIMS. With this 
method, it is possible to differentiate oxygen evolution (H216O → 16O2; water 
splitting by PSII) from oxygen consumption (18O2 → 18O2•-; mostly due to electron 
donation by PSI). Illumination of isolated thylakoid membranes of pumpkin in the 
presence of histidine accelerated consumption of 18O2 (compared to the control 
without added histidine) but did not significantly affect the rate of 16O2 evolution 
(Fig. 6A; Fig. 1 in Paper II). The result indicates that the 1O2 histidine reacted with 
derived from dissolved ambient gas (18O2), but the nascent 16O2 produced by PSII 
was not converted to 1O2 (Fig. 6B). Very similar results were obtained with two 
different initial oxygen (16O2 + 18O2) concentrations (~280 µM in Fig. 6 and 150 µM 
in Paper II; air-saturated concentration of oxygen at 25 °C in fresh water is 253 µM). 
In the present experimental setting, all 16O2 could not be replaced with 18O2; before 
switching on the light, 15 to 25 % of the ambient oxygen was of the lighter isotope 
16O2. Theoretically, this would lead to a small decrease (~5 % of the observed 16O2 
evolution) in apparent oxygen evolution in the presence of histidine, very similarly 
as observed (Fig. 6A; assuming that all 1O2 derived from ambient dissolved gas and 
not from nascent oxygen). 
 
Figure 6.  Origin of singlet oxygen in photosystem II. A. Concentrations of two oxygen 
isotopes (16O2 and 18O2) upon a high light (PPFD 3000 µmol m-2 s-1) illumination at 
25 °C in isolated thylakoids of pumpkin in the presence and absence of 20 mM 
histidine, measured with MIMS. The difference between samples with and without 
histidine represents production of 1O2. Prior to the measurements, dissolved oxygen 
in the sample was removed and replaced with 18O2. The curves are normalized to 
the respective oxygen concentrations at the time point zero. The data represent 
averages from at least three replications. B. A schematic representation showing 
the proposed origin of 1O2; 1O2, produced in the light by PSII, derives from ambient 
dissolved gas (18O2 in this case), not from nascent oxygen (16O2) originating from 
splitting of water (H216O) by PSII. 
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Next, to test whether active or inactive PSII is needed for 1O2 production, leaves 
and isolated thylakoid membranes of pumpkin were illuminated for different times 
to inactivate different proportion of PSII units, after which 1O2 production was 
measured with the histidine method. In the case of leaves, thylakoid membranes were 
isolated immediately after the illumination treatment and prior to 1O2 measurements. 
The results show that the capacity of PSII to evolve O2 (or the amount of PSII 
photoinhibition) did not affect the rate of 1O2 production (Fig. 2 in Paper II). 
4.3 Photoinhibition of photosystem II 
4.3.1 S2QA- recombination reactions cannot be the reason 
for photoinhibition caused by visible light or laser 
pulses 
To resolve the mechanism of photoinhibition of PSII in visible light, the 
temperature dependence of the damaging reaction at 3–40 °C was measured. In white 
light, the rate constant of photoinhibition, measured in vitro from isolated pumpkin 
thylakoid membranes and in vivo in the presence of lincomycin from pumpkin leaves 
and Synechocystis cells, slowly increased with increasing temperature (Fig. 1A in 
Paper III). Similar response in all the three experimental materials show that the 
observed positive temperature dependence is a universal feature of PSII 
photoinhibition. 
The temperature dependence was measured also under UV radiation (UV-A, 
UV-B and UV-C), blue light (λ < 450 nm) and red light (λ > 650 nm). Photoinhibition 
depended on temperature rather similarly in all the cases, however, slightly steeper 
temperature dependence was observed under visible light than under the tested UV 
wavelengths (Fig. 1E–F in Paper III). In addition, the temperature depencence 
steepened towards longer wavelengths also under visible light (Fig. 1E–F in Paper 
III). The results indicate that more than one dominant photoinhibition mechanism 
functions under visible light. 
1O2 produced by the slow recombination reactions between the S-states of OEC 
and the quinone acceptors (S2/3QA/B- → S1/2QA/B) have been proposed to cause 
photoinhibition of PSII (e.g. Vass and Cser 2009). Therefore, the rate of 1O2 
production in pumpkin thylakoids in white light was measured with the histidine 
method; the rate of 1O2 production increased with temperature very similarly as the 
rate constant of photoinhibition (Fig. 2A in Paper III). Next, the temperature 
dependences of S2QA- recombination reactions were measured by 
thermoluminescence (Fig. S4 in Paper III). Compared to photoinhibition and 1O2 
production, the rate constants of the S2QA- recombination reactions very strongly 
depended on the temperature at 0–40 °C (Fig. 1C in Paper III). In vivo, the rate of 
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the charge recombination depends on the rate constant of the recombination, but also 
on the amount of the substrate (QA-); in pumpkin leaves QA was slightly less reduced 
at higher temperatures (Fig. 1B in Paper III). However, the temperature response of 
the rate of the direct S2QA- recombination reaction in pumpkin leaves, obtained by 
multiplying the rate constant by the fluorescence parameter 1-qL (reflecting the 
amount of QA-), did not resemble the observed temperature dependence of 
photoinhibition nor that of 1O2 production (Fig. 1C in Paper III). 
Based on the fact that the efficiency of short laser pulses to damage PSII 
increases with increasing pulse interval (Fig. 1D in Paper III), it has been suggested 
that the S2/3QA/B- recombination reactions cause laser pulse photoinhibition (as the 
longer the interval the higher the probability of the recombination; Keren et al. 1997). 
However, photoinhibition of PSII induced by 4 ns flashes did not have any 
observable temperature dependence (Fig. 1D in Paper III). 
To conclude, the S2QA- recombination reactions cannot be the main reason for 
photoinhibition of PSII or 1O2 production. 
4.3.2 Singlet oxygen did not affect photoinhibition 
To understand the role of 1O2 in photoinhibition, several experiments affecting 
the rate of production and quenching of 1O2 were conducted. Quenchers of 1O2 did 
not protect PSII during illumination of thylakoid membranes (Fig. 2B in Paper III). 
Both a water-soluble quencher (histidine) and a lipid-soluble quencher (α-
tocopherol) were tested, as water-soluble quenchers are expected to react only with 
1O2 that already has escaped PSII and therefore may not be anymore very dangerous 
to PSII (Telfer et al. 1994, Stamatakis et al. 2016). 
According to Hideg et al. (1994) 1O2 is not produced under anaerobic conditions. 
However, photoinhibition proceeded under anaerobicity, and the rate was even faster 
than under aerobic conditions (Fig. 2C in Paper III). In addition, photoinhibition 
under anaerobic conditions depended on temperature and wavelength of illumination 
similarly as aerobic photoinhibition (Fig. 2D in Paper III). Previously it has been 
shown that a reciprocity between duration and intensity of illumination on the 
amount of PSII damage holds for anaerobic photoinhibition, as it holds for aerobic 
photoinhibition (Park et al. 1997, Serôdio et al. 2017). These data suggest that the 
same mechanism(s) causes photoinhibion of PSII both in the presence and absence 
of oxygen, indicating that 1O2 cannot be the sole inducer of the damage. 
Here, anaerobicity was achieved by constantly flushing the sample with nitrogen 
gas, and low O2 concentrations may have persisted due to water splitting of PSII 
(though, in the absence of O2 that functions as the only terminal acceptor in isolated 
thylakoid membranes, PSII O2 evolution markedly diminishes). To eliminate this 
possibility, the experiments were repeated in the presence of 3-(3,4-dichlorophenyl)-
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1,1-dimethylurea (DCMU), which binds to the QB site of PSII, blocking O2 
evolution. Anaerobicity did not protect PSII from photoinhibition with DCMU either 
(Fig. 2C in Paper III). Curiously, photoinhibition in the presense of DCMU did not 
have any clear temperature dependence. 
4.3.3 Photoinhibition proceeded even at -78.5 °C 
To probe the role of the recombination of the primary pair (P680+PheoD1-) in 
photoinhibition of PSII, pumpkin thylakoids were frozen and illuminated at -78.5 
°C. At this temperature, the only recombination reaction capable of producing 1O2 is 
that of P680+PheoD1- (Takahashi et al. 1987). Even at -78.5 °C, PSII was 
photoinhibited, both under visible light and UV radiation (Fig. 4 in Paper III). 
Similarly to photoinhibition at physiological temperatures, degradation of the D1 
protein was induced by illumination at -78.5 °C and took place after melting the 
sample (Fig. 4B in Paper III). However, contrary to photoinhibition at physiological 
temperatures, anaerobicity almost completely abolished the damage to PSII (Fig. 4A 
in Paper III). 
4.4 Redox state of the plastoquinone pool 
4.4.1 F0 rise revealed visible light wavelengths favoring 
photosystem II or photosystem I 
When an illumination of moderate intensity ceases, chlorophyll a fluorescence 
yield decreases to a dark level (F0), but after a few seconds a small bump, called F0 
rise, is often observed (Fig. 7A). The increase in fluorescence level has been 
proposed to be due to reduction of the PQ pool by the NADH dehydrogenase-like 
complex (Endo et al. 1997). However, fluorescence probes the redox state of QA, not 
that of the PQ pool, and the big difference in redox potentials between QA and PQH2 
(e.g. De Causmaecker et al. 2019) makes direct reduction of QA by a plastoquinol 
molecule an unlikely event. Accordingly, an attempt to record F0 rise in total 
darkness (the measuring beam of the PAM fluorometer was switched on every five 
seconds, only for a short time) resulted in no rise in fluorescence level (Fig. 1 in 
Paper IV). If, on the top of the chopped measuring beam, low intensity ”activating” 
light was applied, F0 rise was restored (Fig. 7A; Fig. 1 in Paper IV). Even with 
activating light, F0 rise was not observed in a mutant lacking the NADH 
dehydrogenase-like complex (Fig. 1B in Paper IV). 
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Figure 7.  Activated F0 rise in leaves of Nicotiana tabacum. A. The measurement protocol. 
Leaves were illuminated with white preillumination light (from a KL-1500 halogen 
illuminator), weak activating light and saturating pulses (SP; upward arrows), and 
chlorophyll a fluorescence was measured with a PAM fluorometer. Durations (by 
horizontal lines) and intensities of illumination are indicated. At the end of the 
preillumination, the measuring beam of the fluorometer was switched to a chopped 
mode (on 0.6 s for every five seconds), to record a post-illumination rise in the 
fluorescence level (F0 rise; indicated with a downward arrow). The wavelength of the 
activating light is indicated next to the F0 rise. PSII or PSI indicates whether the 
activating light favors PSII or PSI, respectively. B. A model explaining the 
wavelength-dependence of the appearance of an F0 rise. If activating light (hν (ex.)) 
excites PSII more efficiently than PSI, accumulation of PQH2 (by components of PSI 
cyclic electron flow) slows down re-oxidation of QA-, thereby increasing fluorescence 
(hν (fluor.)). Activating light favoring PSI, oxidizes the PQ pool, leading to fast re-
oxidation of QA- and low fluorescence. C–H. Inserts showing the post-illumination 
fluorescence transient. The wavelength of the activating light is indicated. The 
curves have been averaged from three replications. 
Therefore, an F0 rise occurs when re-oxidation of QA- (reduced by the measuring 
beam of a fluorometer or by the activating light) slows down when the PQ pool is 
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reduced. Consequently, activated F0 rise should be sensitive to the electron transfer 
balance between PSII and PSI, as activating light favoring PSII over PSI would 
efficiently reduce QA (giving rise to an F0 rise), whereas activating light favoring PSI 
would suppress the F0 rise because PSI would oxidize the PQ pool (Fig. 7B). 
Next, the activated F0 rise method was used to screen visible light wavelengths 
that would favor PSII or PSI; an action spectrum of F0 rise in light-acclimated N. 
tabacum leaves was measured with monochromatic illumination for the activating 
light, with 10 nm intervals. Three wavelength ranges favoring PSII (460–500 nm, 
560–570 nm and 650–660 nm) and four favoring PSI (420–440 nm, 520 nm, 630 nm 
and 680–690 nm) were found, irrespective if the PPFD of the activating light was 
0.5 (data not shown), 2.5 (Fig. 2A in Paper IV) or 10 (Fig. 7) µmol m-2 s-1. Separate 
measurements of fluorescence yield, P700 oxidation and 77 K fluorescence (Figs. 2, 
4 and 6 in Paper IV) confirmed the PSI or PSII nature of the wavelengths. 
4.4.2 The photochemically active plastoquinone pool was 
reduced by three and oxidized by four visible light 
wavelengths 
As any fluorescence method, including the activated F0 rise, probes PQ pool 
indirectly, PQ was next extracted from light acclimated A. thaliana leaves and the 
redox state of the photochemically active PQ pool was measured with HPLC (Fig. 
8A). The photochemically active PQ (i.e. PQ molecules taking part in electron 
transfer from PSII to PSI; defined here as those PQ molecules that can be reduced 
by high light and oxidized by far-red light) comprised ~50 % of all PQ + PQH2 of 
the leaves (Fig. 8B). 
Illumination for four min with moderate intensity (PPFD 50 µmol m-2 s-1) of light 
favoring PSII (470 nm, 560 nm or 660 nm) reduced 80–90 % of the photochemically 
active PQ pool (hereafter PQ pool), and illumination with 440 nm, 520 nm or 690 
nm PSI light led to oxidation of 90–100 % of the pool (Fig. 3 in Paper IV). 
Illumination with 630 nm light reduced 40–60 % of the PQ pool (Fig. 3 in Paper IV). 
After three h of darkness, ~30 % of the photoactive pool PQ pool was reduced (Fig. 
8B; Fig. 3 in Paper IV). 
4.4.3 The lights favoring photosystem II or photosystem I 
induced related physiological changes 
Illumination (PPFD 50 µmol m-2 s-1) of plant leaves with wavelengths favoring 
PSII (560 nm or 660 nm) induced phosphorylation of LHCII and illumination with 
wavelengths favoring PSI (430 nm or 520 nm) induced dephosphorylation (Fig. 10B 
in Paper IV). Occurence of state transitions was confirmed with 77 K fluorescence 
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measurements; illumination with PSII wavelengths (470 nm, 560 nm or 660 nm) led 
to a decrease in the absorbtion cross-section of PSII relative to that of PSI, and 
illumination with PSI wavelengths (420 nm, 520 nm or 680 nm) to an increase (Fig. 
10 in Paper IV). At the begining of the illumination 440 nm, 520 nm, 630 nm or 690 
nm light oxidized P700 and PC (oxidation was persistent towards the end of the four 
min illumination only in 690 nm), whereas in 470 nm, 560 nm and 660 nm light both 
P700 and PC were almost completely reduced (Fig. 6 in Paper IV). Similarly as in 
the fluorescence experiments (Fig. 7F; Figs. 2, 4 and 6 in Paper IV), 630 nm light 
behaved as a PSI light in the PC and P700 measurements. However, 630 nm induced 
more LHCII phosphorylation than the 430 nm and 520 nm PSI lights, and 77 K 
measurements revealed state transitions that were somewhere between those induced 
by extreme PSII or PSI wavelengths, in accordance with the observed 40–60 % 
reduction of the PQ pool after 630 nm illumination (Figs. 3 and 10 in Paper IV). 
 
Figure 8.  Redox state of the plastoquinone pool in leaves of A. thaliana measured with 
high performance liquid chromatography. A. Representative chromatograms 
from a leaf extract, divided into two parts, one in the absence (black dashed line) 
and the other in the presence (grey continuous line) of NaBH4 (used to reduce all 
PQ in the sample). The insert shows an enlarged view of the PQH2 peak. B. 
Percentage of reduced PQ (of total PQ + PQH2) after 30 s high light illumination 
(PPFD 2000 µmol m-2 s-1 on dark-acclimated leaves; HL), four min illumination with 
690 nm (PPFD 50 µmol m-2 s-1 on light acclimated leaves; FR) and three h in 
darkness (Sample). Proportions of oxidized and reduced PQ in non-photochemically 
active (non-photoactive) and photochemically active (photoactive) PQ pools for the 
dark sample are indicated. Error bars show SD, calculated from three biological 
replications. C. The setting for treatments under sunlight. 
4.4.4 Redox state of the plastoquinone pool in white light 
The experiments so far were carried out with monochromatic light; however, 
natural light is always polychromatic. Therefore, the redox state of the PQ pool was 
measured after illumination with various sources of white light. All the white light 
sources used here, at the PPFD of 50 µmol m-2 s-1, oxidized more than 50 % of the 
photochemically active PQ pool. Next, an empirical model, based on the observed 
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effects of 25 monochromatic and polychromatic light sources on the redox state of 
the PQ pool, calculating how much a single wavelength of light affects the reduction 
or oxidation of the PQ pool, was developed (Fig. 7 in Paper IV). The analysis showed 
that green and red PSI wavelengths, in addition to far-red, often contributed 
significantly to oxidation of the PQ pool (Fig. 8 in Paper IV). Green and red PSII 
wavelengths were often equally important in reducing the PQ pool, and in natural 
sunlight also blue PSII wavelengths contributed significantly to the reduction (Fig. 
8 in Paper IV). 
In addition to the wavelength of light, intensity also affects the redox state of the 
PQ pool. Next, intensity responses of a PSII light (470 nm), a PSI light (440 nm) and 
natural sunlight (Fig. 8C) were measured. 50 % of the PQ pool was already reduced 
at the PPFD of ~25 µmol m-2 s-1 of the PSII light, whereas the intensity response of 
the PSI light was much weaker; at the PPFD of 200 µmol m-2 s-1, only 30 % of the 
PQ was reduced (Fig. 9A in Paper IV). Similarly to all the other studied white light 
sources, sunlight slightly favored PSI and a gradual reduction of the PQ pool with 
increasing intensity, faster than in 440 nm PSI light but clearly slower than in 470 
nm PSII light, was observed (Fig. 9A in Paper IV). 
Finally, the rate of the change in the PQ pool redox state was measured. 
Alternating one min of high light (PPFD 500 µmol m-2 s-1) with four min of low light 
(PPFD 45 µmol m-2 s-1) resulted in a similarly alternating redox state of the PQ pool 
(Fig. 11A in Paper IV). Faster changes were probed with the activated F0 rise 
fluorescence method. It was found that 10 s was enough to induce or remove an F0 
rise (Fig. 11B in Paper IV), suggesting that the redox state of the PQ pool can change 
very rapidly, in a few seconds. 
4.4.5 Validation of the liquid chromatography method 
Here, PQ was extracted by grinding a leaf in a mortar, which takes 10 to 15 s. 
To ensure that the method reflects the redox state of the PQ pool in vivo, the grinding 
was performed under treatment conditions. However, the pestle may cause a shadow 
during grinding, and therefore, we repeated a set of experiments with a transparent 
mortar, illuminated from the bottom. The results were almost identical with those 
obtained with the ceramic mortar (Table S1 in Paper IV), indicating that even though 
grinding of the whole leaf takes some time, individual chloroplasts are destroyed 
immediately. In addition, far-red illumination (λ ≥ 700) resulted in similar oxidation 
of the PQ pool (Fig. 7A in Paper IV) as the 690 nm light used here as a control in 
most of the experiments.
5 Discussion 
5.1 Improved detection methods for singlet oxygen 
are needed 
It seems clear that photosynthetic materials produce significant amounts of 1O2 
(see e.g. Telfer et al. 1994, Rehman et al. 2013, Hakkila et al. 2014). Here, the rate 
of 1O2 production by pumpkin thylakoid membranes at the PPFD of 3000 µmol m-2 
s-1 was roughly 15 % of the maximum electron transfer rate in the same thylakoids 
(i.e. for every ~6 electrons transferred by PSII, a molecule of 1O2 was born; Fig. 6; 
Papers I and II). Clearly, 1O2 is an important molecule (in good and bad) for 
photosynthetic organisms. Unfortunately, very different 1O2 yields, differing by four 
orders of magnitude, are presented in the literature (Paper I, Telfer et al. 1994, Tomo 
et al. 2012), indicating that to fully understand the role of 1O2, better detection 
methods are still needed. 
Here, the detection methods for 1O2, based on TEMP and histidine, were 
developed further (Papers I and II). Some limitations, however, remain. For example, 
both methods are difficult to use for leaves in vivo (for the use of TEMP with leaves, 
see Mor et al. 2014). SOSG (Fig. 3), which has been widely used in vivo (e.g. Ramel 
et al. 2013, Ballottari et al. 2014), on the other hand, may be used only with red light 
(Ragás et al. 2009). Furthermore, to achieve even distribution of SOSG into leaf 
material may be challenging (Prasad et al. 2018). 
5.2 Singlet oxygen and photoinhibition 
Even though more than 60 years of research and vast amount of data, no 
consensus exists about the molecular mechanism of photoinhibition of PSII, mainly 
because none of the present hypotheses completely explain all the published results. 
Here, an attempt is made. 
5.2.1 Photosystem II is protected against nascent oxygen 
OEC lays only ~20 Å away from P680 (Umena et al. 2011), possibly exposing 
the PSII reaction center to high O2 concentrations. Nonetheless, 1O2 measurements 
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with histidine combined with MIMS (Fig. 6) show that the 1O2 produced by isolated 
plant thylakoid membranes during illumination derives from ambient dissolved O2, 
not from the nascent O2 produced by the water splitting reactions of OEC. Of course, 
(practically) all atmospheric oxygen on Earth originates in O2 evolution by PSII. The 
present results, however, indicate that the nascent O2 does not immediately (in the 
seconds to minutes timescale of the present experiments) travel to (triplet) P680 to 
become converted to 1O2. It should be noted that with the present signal to noise 
ratio, it cannot be stated with absolute certainty that none of the nascent O2 molecules 
diffused to 3P680 and became 1O2. However, clearly the majority, if not all, of the 
observed 1O2 derived from ambient dissolved O2. 
The results (Fig. 6 and Fig. 2 in Paper II) show that the ability to evolve O2 as 
such does not render PSII vulnerable to oxidative damage (it may be added that the 
reactions leading to O2 evolution are energetically demanding and incomplete water 
oxidation, for example, may induce damage and/or production of ROS as suggested 
e.g. by Kale et al. 2017). How is PSII reaction center protected from nascent O2? 
Both experimental data and structural analysis suggest that channels exist in PSII to 
divert nascent O2 out of OEC (as well as to bring protons out and water in), possibly 
into the lumen (e.g. Murray and Barber 2007, Gabdulkhakov et al. 2009, Frankel et 
al. 2012, Vassiliev et al. 2013). As proposed already by Anderson (2001), the 
channel(s) seem to efficiently divert nascent O2 out of the reach of the PSII reaction 
center. The fact that nascent O2 is not converted to 1O2 would have been even more 
important during the evolution of oxygenic photosynthesis, when all the protective 
measures against 1O2 of extant organisms were not yet fully functional (for 
discussion, see Fischer et al. 2016b, Cardona et al. 2019). Furthermore, it has been 
calculated that nascent O2 quickly equilibrates with the environment (Kihara et al. 
2014), further diminishing 1O2 production in the early anaerobic (or microaerobic) 
conditions of Earth. 
The rate of 1O2 production did not depend on the O2 evolution capacity of PSII 
(Fig. 2 in Paper II). The observation agrees with the previous measurements showing 
that the cumulative amount of 1O2 production increases linearly with illumination 
time (even though the high light intensities used are expected to lead to some degree 
of photoinhibition of PSII) (Nishiyama et al. 2004, Alboresi et al. 2011). High light 
should also induce NPQ, which should decrease 1O2 production (see e.g. Dall’Osto 
et al. 2012). Accordingly, some experiments show that the rate of 1O2 production is 
fastest at the beginning of the illumination (Poulson and Thai 2015), but even in this 
case, linear increase in 1O2 with time was observed at later time points. 
Hideg et al. (1998), on the other hand, reported a correlation of in vivo 1O2 
production and the amount of inactive PSII units (with the D1 protein not yet 
degraded), up to ~60 min of illumination, after which the correlation was lost. The 
discrepancy with the present results may be partly explained due to increased 1O2 
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production by lincomycin treatment (used by Hideg et al. 1998), as it has been 
suggested that impaired repair reactions of PSII lead to increased 1O2 production 
(Wang et al. 2016a). 
5.2.2 Photoinhibition and misses of oxygen evolving 
complex: an unexpected resemblance 
Temperature dependences of PSII photoinhibition, 1O2 production and the slow 
recombination reactions between OEC and the quinone acceptors of PSII were 
measured, in order to understand the mechanism(s) behind photoinhibition. Clearly, 
S2/3QA/B- → S1/2QA/B recombination reactions cannot explain the slow increase from 
5 to 35 °C either in the 1O2 production rate or in the rate constant of photoinhibition 
of PSII (Figs. 1 and 2 in Paper III). Recombination of the primary pair, on the other 
hand, occurs even at cryogenic temperatures (Takahashi et al. 1987), and should 
therefore have a negligible temperature response at physiological temperatures. 
On the contrary, the temperature dependence of misses of PSII, measured by 
Isgandarova et al. (2003) from spinach thylakoids, is almost identical to the 
temperature dependence of photoinhibition measured here in white light from 
pumpkin thylakoids (Fig. 2A in Paper III). A “miss” is a failure of a photon to induce 
stable charge separation and to advance the S-state of OEC. Misses are rather 
common (occurring usually with 5 to 10 % probability, per flash), dampening the 
famous period of four oscillation in O2 evolution, induced by single turnover 
saturating flashes, of PSII (Kok et al. 1970). It is not clear whether misses are induced 
by charge recombination reactions or if the recombination occurs because an S-state 
of OEC fails to advance, leading to an inability of PSII to reduce P680+ (or TyrZ•) 
(e.g. de Wijn and van Gorkom 2002b, Han et al. 2012). In the latter case, misses 
would be an intrinsic property of OEC, possibly due to the demanding chemistry of 
water splitting (Han et al. 2012). The finding that the “miss-recombination” takes 
only 100–200 µs (Reinman and Mathis 1981, de Wijn and van Gorkom 2002a) 
suggests that the origin of misses lay within OEC (as water splitting with its 
millisecond kinetics would be outcompeted by the much faster recombination). In 
addition, miss frequency is not affected by the redox properties of QA/QA- pair (Han 
et al. 2012), but depends on the S-state of OEC, being highest in either S2→S3 or 
S3→S0 transition (de Wijn and van Gorkom 2002b, Han et al. 2012, Suzuki et al. 
2012, Pham and Messinger 2016). 
5.2.3 Long-lived P680+ damages photosystem II 
The similarity of the temperature dependences of PSII photoinhibition, 1O2 
production and misses obviously suggest a connection between these phenomena. 
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Also literature data support a connection between 1O2 and photoinhibition (e.g. Jung 
and Kim 1990, Fischer et al. 2006, Rehman et al. 2013). Does 1O2, produced mainly 
by the miss-recombination, inactivate PSII? The present experiments do not agree 
with 1O2 being the major agent of the photoinhibitory damage to PSII. Quenchers of 
1O2 or anaerobicity did not protect PSII from damage (Fig. 2 in Paper III), in line 
with previous studies (e.g. Satoh 1970, Chaturvedi et al. 1992, Nishiyama et al. 2001, 
2004, Hakala et al. 2005). Based on the results presented here (Fig. 6; Paper II), PSII 
is not expected to produce 1O2 in the absence of ambient dissolved O2. Accordingly, 
Hideg et al. (1994) could not detect 1O2 under anaerobic illumination of isolated 
spinach thylakoids. 
The data presented here strongly suggest that 1O2 production in thylakoids 
mainly originates in the recombination reaction occurring after a miss. However, if 
a miss occurs, but no recombination reaction follows (especially probable if the 
electron has already travelled to QB), long-lived P680+ (or TyrZ•) is produced. P680+ 
is very oxidizing and could potentially extract an electron from its surroundings, 
oxidizing a vital component of PSII and inactivating PSII. Here, a model is proposed 
where a miss induces both photoinhibition and production of 1O2, however, 1O2 is 
not the major damaging agent, but a side product of the recombination reaction that 
removes the dangerous P680+ (Fig. 9A–B). 
The results where increased redox potential of the QA/QA- pair coincides with 
decreased rates of photoinhibition and 1O2 production (due to increased rate of those 
recombination reactions that do not produce 1O2) have been explained to indicate 
that 1O2 is the main damaging agent in photoinhibition (Fufezan et al. 2002, Vass 
2012, Treves et al. 2016). However, a decrease in the redox gap between QA and QB 
is expected also to increase the overall rate of recombination reactions (as also 
observed by Roach et al. 2013 and Takegawa et al. 2019), at the expense of forward 
electron transfer. This would decrease the lifetime of the miss induced P680+, 
protecting PSII. 
5.2.4 Direct light absorption of the manganese ions 
contributes to photoinhibition also in visible light 
UV radiation damages PSII by direct light absorption of the Mn ions of OEC. 
Temperature dependences of photoinhibition caused by UV radiation and visible 
light resembled each other (Fig. 1F in Paper III). However, the slowly increasing 
activation energy of photoinhibition from UV radiation to blue light and further to 
red light (Fig. 2E in Paper III) suggest that direct light absorption by OEC functions 
also in visible light but becomes gradually less important towards longer 
wavelengths. Accordingly, release of Mn ions from OEC occurs faster at blue (460 




Figure 9.  A photoinhibition hypothesis. A. When OEC of PSII is functional, forward electron 
transfer dominates over recombination reactions. B. When OEC is transiently 
inactive (a miss), the lifetime of P680+ increases. A recombination reaction removes 
P680+ but may produce 1O2. If the recombination does not occur (more probable if 
the electron has gone to QB), P680+ lives long enough to oxidize a vital component 
of PSII. C. UV radiation, but also visible light (VIS) with decreasing efficiency towards 
longer wavelengths, can directly damage OEC. When OEC is unable to donate an 
electron, further damage may arise due to P680+ or 1O2, however, a conformational 
change has been proposed to occur, increasing probabilities of such recombination 
reactions that do not repopulate P680+Pheo- and thus do not produce 1O2. Damage 
by P680+ or 1O2 does not induce further photoinhibition, as PSII is already 
irreversibly inactivated, unless (in the case of 1O2) the damage is directed to another, 
still functional, PSII unit. 
Originally, TyrZ• and P680+ were suggested to cause damage in PSII centers 
without functional OEC (Jegerschöld et al. 1990, Chen et al. 1992, Anderson et al. 
1998). After OEC is directly damaged by UV radiation or visible light, does P680+ 
or 1O2, produced via a recombination reaction, cause further damage (see also Hakala 
et al. 2005, Ohnishi et al. 2005)? A less negative, compared to active PSII, value for 
the redox potential of the QA/QA- pair has been measured in PSII units with non-
fuctional (Cl-depleted PSII) or missing Mn-cluster (during PSII assembly or due to 
chemical removal; Johnson et al.1995, Krieger and Rutherford 1997, Rova et al. 
1998, Ido et al. 2011, Brinkert et al. 2016), favoring a recombination that does not 
produce 1O2 (Spetea et al. 1997, Brinkert et al. 2016) and also shortening the lifetime 
of P680+. However, 680 nm light damages the reaction center activity with high 
yield, if OEC has been inactivated by UV radiation prior the 680 nm illumination 
(Ohnishi et al. 2005). Anaerobicity slightly protects the reaction center activity of 
PSII, but not the water splitting activity (Chaturvedi et al. 1992), suggesting a role 
for a ROS in damaging PSII after (light-induced) inactivation of OEC. Electron 
acceptors are also able to protect PSII reaction center from photodamage (Chen et 
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al. 1992, Krieger and Rutherford 1997, Zavafer et al. 2015b). The data suggest that 
long-lived P680+ or 1O2 or both are able to damage PSII reaction center after 
inactivation of OEC (note that the PSII unit is already irreversibly damaged, net 
photoinhibition increases only if the damage targets a nearby still functional PSII 
unit; Fig. 9C). 
5.2.5 Why do carotenoids protect photosystem II? 
The photoinhibition hypothesis presented above can explain most of the results 
presented in the literature (protection by NPQ, evidence for involvement of the 
antennae, general lack of effect by 1O2 quenchers, anaerobic photoinhibition and the 
effects of QA redox changes). However, protection against PSII damage by 
carotenoids (e.g. Hakkila et al. 2014), is difficult to explain with the present model. 
If P680+ accumulates, photobleaching of a carotenoid and an accessory chlorophyll 
has been observed to occur (Telfer et al. 1991). However, whether cyclic electron 
transfer within PSII via cytochrome b559 and the β-carotene CarD2 is fast enough to 
significantly protect against photoinhibition (Thompson and Brudwig 1988, Buser 
et al. 1992, Barber and De Las Rivas 1993), remains to be solved. It has been 
proposed, however, that C. ohadii tolerates (and grows in) extreme high light 
intensities by utilizing (yet to be identified form of) cyclic electron flow within PSII 
(Ananyev et al. 2017). 
Contrary to photoinhibition at 5–35 °C, photoinhibition at -78.5 °C was 
practically abolished by removal of oxygen, suggesting an involment of ROS. 
Recombination of the primary pair occurs readily even at 10 K (-263 °C), producing 
3P680 with 80 % yield (Takahashi et al. 1987). In a purple bacterium (Rhodobacter 
sphaeroides) a strong external magnetic field decreases 1O2 production by the 
recombination of the primary pair (Liu et al. 2005). However, in plants the rate of 
the damaging reaction is not slowed down in the presense of a magnetic field, even 
though the repair cycle appears to function faster during illumination in a strong 
magnetic field than in the weak ambient field (Hakala-Yatkin et al. 2011), speaking 
against an important role of 1O2 produced by the recombination of the primary pair 
in photoinhibition of PSII at physiological temperatures. These data suggest that 1O2 
may be more dangerous when its diffusion is limited, as in a frozen state. 
Alternatively, if the amount of 1O2 is very high, damage may be inevitable, as 
observed by Hideg et al. (2007). Similarly, lethal amounts of H2O2 accelerated PSII 
damage (in addition to slowing down the repair reactions) in a Synechococcus 
species, but a H2O2 concentration that could be tolerated by the cells did not affect 
the rate of the damage to PSII (Blot et al. 2011). A protecting effect of NPQ against 
PSII photoinhibition was also observed in elevated O2 but not in an N2 atmosphere 
(Roach et al. 2020). 
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5.2.6 Sustained quenching of fluorescence may affect 
photoinhibition measurements 
Previously, Lazarova et al. (2014) reported a temperature response of UV-B 
induced photoinhibition between 4 and 22 °C that was rather similar to what was 
observed here (Fig. 1E in Paper III). The reports about the temperature dependence 
of visible-light-induced photoinhibition, on the other hand, are variable. 
Photoinhibition was reported to decrease with decreasing temperature in pumpkin 
thylakoids (Tyystjärvi et al. 1994, Tyystjärvi 2013), similarly as here. Also in 
cyanobacteria, the rate of the damage slowed down (Ueno et al. 2016), or did not 
change much (Allakhverdiev and Murata 2004, Vonshak and Novoplansky 2008), 
with temperature. On the contrary, Tsonev and Hikosaka (2003) and Kornyeyev et 
al. (2003) observed higher rates of damage at lower temperatures in the leaves of 
Chenopodium album and Gossypium hirsutum. In the latter two studies, 
photoinhibition was quantified by chlorophyll fluorescence and, therefore, oxygen 
evolution and fluorescence assays were compared here (Fig. S3A in Paper III). In 
pumpkin leaves, the decline in both the fluorescence parameter FV/FM and oxygen 
evolution capacity of PSII depended similarly on temperature. However, if the 30 
min dark incubation after the illumination and prior to the fluorescence measurement 
was conducted at 5 °C, instead of 22 °C, photoinhibition appeared faster (Fig. S3B 
in Paper III). Tsonev and Hikosaka (2003) performed the dark incubation at the 
illumination temperature. Thus, it may be possible that the discrepancy between 
some literature and the present results originate in low-temperature-induced 
quenching of chlorophyll fluorescence, which does not relax during a typical dark 
acclimation time (usually 20 to 60 min). Indeed, a form of chlorophyll fluorescence 
quenching, which does not relax fast, has been observed to develop in A. thaliana in 
high light after short cold treatments (Malnoë et al. 2018). However, to reveal the 
molecular players behind the slow reversion of the decline in FV/FM in darkness 
(presumably due to slow relaxation of NPQ) in pumpkin leaves at low temperatures, 
more research would be needed. 
Differences in observed temperature responses of photoinhibition in the 
literature may also reflect real differences in the rates of damage to PSII, as the miss 
frequency may depend on temperature differently in different species. Isgandarova 
et al. (2003) measured more misses at low than at high temperature in the 
thermophilic cyanobacterium Synechococcus elongatus. The observed low rate of 
photoinhibition at their optimal growth temperature in Arthrospira platensis 
(Vonshak and Novoplansky 2008) may be due to small number of misses at that 
temperature. On the contrary, in Synechocystis here, photoinhibition proceeded 
relatively fast at their growth temperature (Fig. 1A in Paper III). 
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5.3 Redox state of the plastoquinone pool senses 
both the imbalances between the 
photosystems and the intensity of sunlight 
The redox state of the PQ pool regulates gene expression and photoacclimation 
responses (section 1.4.1), but direct measurements of the sizes of the 
photochemically active PQ pool and the pool of the rest of the PQ molecules or of 
their redox states are surprisingly rare (so far!). Here, the redox state of the PQ pool 
under various illumination conditions was measured with HPLC from A. thaliana 
leaves. 
5.3.1 Delicate balance between the photosystems 
Three wavelength ranges of visible light were found to favor PSII and four 
wavelength ranges were found to favor PSI (Fig. 2A in Paper IV). Also previous 
measurements show that PSII and PSI absorb visible light differently (Canaani and 
Malkin 1984, Wientjes et al. 2013b, Laisk et al. 2014). The most obvious difference 
between the photosystems is that PSI + LHCI binds less chlorophyll b than PSII + 
LHCII (ee e.g. Caffarri et al. 2014, Mazor et al. 2017). Accordingly, the PSII 
wavelengths of 460–500 nm and 660 nm coincide with absorption peaks of 
chlorophyll b, and at the PSI wavelengths below 450 nm and above 680 nm 
chlorophyll a absorbs better than chlorophyll b (Frigaard et al. 1996, Cinque et al. 
2000). Indeed, comparison of the present results with chlorophyll b to a absorbtion 
ratio in methanol (calculated based on the data from Frigaard et al. 1996) reveals 
peaks and deeps at very similar positions as those observed in the F0 rise spectrum 
(reflecting PSII/PSI absorption; Fig. 2B in Paper IV). In the F0 rise spectrum the 
peaks above 550 nm are red-shifted compared to the spectrum of chlorophyll b to a 
absorption ratio, most probably due to the protein environments of both pigments 
(Thomas and Van Der Wal 1963, Cinque et al. 2000). 
Illumination at the peak and deep wavelegths of the F0 rise spectrum almost 
completely reduced or oxidized, respectively, the PQ pool (Figs. 2A and 3 in Paper 
IV). A relatively low intensity of light (PPFD 50 µmol m-2 s-1) was used to prevent 
photosynthetic control (i.e. slowing down of the electron transfer rate of the Cyt b6f 
complex due to lumen acidification; Tikhonov et al. 1984). 630 nm behaved as PSI 
light in fluorescence and absorbance measurements but reduced ~50 % of the PQ 
pool (Figs. 2 and 3 in Paper IV) suggesting that 630 nm light may have steeper light 
intensity response than the other PSI wavelengths tested here (see Fig. 9A in Paper 
IV). 
The absorption differences between PSII and PSI were very small (Figs. 2, 4 and 
5 in Paper IV), even though large effects were exerted on the PQ pool. The data 
indicate that in the course of evolution, absorption properties of the two 
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photosystems have been so well balanced that small differences such as state 
transitions can readjust the balance (it seems that under almost any conditions, 
LHCII serves as an antenna also for PSI; Wientjes et al. 2013b, Grieco et al. 2015). 
All polychromatic white light sources tested here, including, importantly, the Sun, 
oxidized the PQ pool at the PPFD of 30–50 µmol m-2 s-1 (Fig. 9A in Paper IV). 
Oxidation of the PQ pool by low intensity sunlight in combination with the mild 
intensity response enable plants to sense the intensity of sunlight via PQ redox state. 
Enrichment of far-red light in canopy shade has been believed to oxidize the PQ 
pool. However, low intensity white light already favors PSI, oxidizing the PQ pool 
(Fig. 7A in Paper IV). Accordingly, photosynthetic parameters measured from plants 
grown under either neutral or canopy shade were rather similar (Pons and de Jong 
van Berkel 2004). In addition, green PSII light is also proportionally increased under 
canopy (Fig. 9B in Paper IV; a spectrum of light under canopy is available, for 
example, also in a maize field in Hirth et al. 2013). In field grown maize, canopy 
light induced more phosphorylation of LHCII than artificial light enriched in far-red 
(Hirth et al. 2013), which may suggest that the green PSII light in canopy shade 
antagonizes the effects of far-red light. Indeed, green light, especially when other 
wavelengths of light are lacking, can be used to drive photosynthesis (Zhang et al. 
2011). On the other hand, green light (as well as far-red light) induces shade 
avoidance signaling (for a review, see Smith et al. 2017). 
5.3.2 Implications for state transitions 
The redox state of the PQ pool correlated well with state transitions (quantified 
as the ratio of PSI to PSII fluorescence at 77 K), after short illumination with selected 
wavelenghs favoring either PSII or PSI (Fig. 10C in Paper IV). The relationship was 
curvilinear, and state 2 was reached already after moderate reduction (~30 % 
reduction of the PQ pool was needed to induce 50 % of the maximal state transition). 
This is in agreement with the observation that only a single PQH2 molecule at the 
Qo site of Cyt b6f is needed to activate the STN7 kinase (Zito et al. 1999), and with 
the previous research where state 2 has been reached with illumination with “PSII 
light” which is predicted to reduce 30–80 % of the PQ pool (Table S2 and Fig. S5 in 
Paper IV; Tullberg et al. 2000, Pesaresi et al. 2002, Adamiec et al. 2008, Wagner et 
al. 2008). 
Contrary to what sometimes is assumed, photochemically active PQ pool is not 
completely oxidized in the dark in A. thaliana (Kruk and Karpinski 2006, 
Szechyńska-Hebda et al. 2010, Yoshida et al. 2010); here, about 26 % of the PQ pool 
was reduced after 2 to 3 h of darkness (Fig. 8). In the dark, the PQ pool is probably 
reduced by NADH dehydrogenase-like complex (Burrows et al. 1998). The light 
state, defined through the PSI/PSII fluorescence ratio at 77 K, diligently followed 
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the redox state of the PQ pool also in darkness (Fig. 10C in Paper IV). The STN7 
kinase is able to phosphorylate LHCII in darkness (though, for the full activity, flux 
of electrons through the Cyt b6f may be needed; Rintamäki et al. 2000, Hou et al. 
2003, Tikkanen et al. 2010). Accordingly, usually (but not always; see e.g. 
Rintamäki et al. 2000), a small amount of phosphorylated LHCII is detected in 
darkness, as well as the accumulation of the “state transition complex” consisting of 
LHCII, LHCI and PSI (e.g. Fristedt et al. 2010, Tikkanen et al. 2010). Different 
LHCII phosphorylation levels observed may be due to different dark acclimation 
times used in the different studies, as the light history as well as the age of the plants 
have been shown to affect LHCII phosphorylation (Trotta et al. 2016, Schwarz et al. 
2018, Longoni et al. 2019). On the contrary, during far-red illumination, STN7 is 
degraded (Willig et al. 2011, Trotta et al. 2016). In the light as well as in darkness, a 
threonine residue of STN7 is phosphorylated, which seems to protect STN7 from 
degradation (Trotta et al. 2016). 
During low intensity illumination with monochromatic light, the 
phosphorylation level of LHCII linearly correlated with the extent of state transitions 
(Fig. 10A). When moving to white lights of different intensities, the situation 
becomes more complicated. Even though the phosphorylation level of LHCII 
decreases from low to high light (presumably due to inactivation of STN7; 
Rintamäki et al. 2000, possibly also due to oxidation of PQH2 by 1O2; Kruk and 
Szymańska 2012), almost no state transitions were observed (Tikkanen et al. 2010). 
The lack of state transitions was observed under sunlight (Wientjes et al. 2013b) and 
in field-grown leaves (Hirth et al. 2013). Also here, illumination with sunlight of 
different intensities did not lead to different light states (Fig. 10B). However, 
sometimes more considerable state transitions, upon changes in light intensity, 
following rather nicely LHCII phosphorylation, have been reported (Pesaresi et al. 
2009, Wood et al. 2018). Interestingly, here, the light state in the samples taken 
directly from growth chamber followed LHCII phosphorylation (Fig. 10A). It is not 
yet completely clear, why, despite changes in phosphorylation of LHCII and in the 
accumulation of PSI-LHCII, state transitions are not (sometimes) observed. It was 
proposed that state transitions are modulated also by PSII core phosphorylation, 
which under different intensities of white light mirrors LHCII phosphorylation 
(Tikkanen et al. 2010, Mekala etal. 2015). Also, why does STN7 phosphorylate 
LHCII under low light (e.g. Rintamäki et al. 2000, Tikkanen et al. 2010) when the 
PQ pool should be rather oxidized (Figs. 7 and 9 in Paper IV)? One possibility is that 
plants compensate the imbalance between electron transfer rates of PSII and PSI (see 
e.g. Wagner at al 2008), which after a while is expected to lead to a more optimal 
oxidation state of the PQ pool. At least in mutants lacking active STN7, also STN8 
(PSII core kinase) can to a degree phosphorylate LHCII (Longoni et al. 2019). 
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Acetylation may also be important in state transitions (Koskela et al. 2018). Clearly, 
the mechanistics of state transitions are not yet fully understood. 
 
Figure 10.  State transitions and phosphorylation of LHCII in A. thaliana leaves. A. 
Phosphorylation of LHCII (relative to the level of the 560 nm sample) after 8-min 
illumination with indicated wavelengths (PPFD 50 µmol m-2 s-1) or in growth light (GL) 
plotted against the ratio of PSI (735 nm) to PSII (685 nm) fluorescence, measured 
at 77 K from thylakoids isolated from leaves illuminated with the indicated lights for 
1 h or taken directly from growth light. Data are from Fig. 10 in Paper IV. B. The ratio 
of PSI to PSII fluorescence, measured at 77 K from thylakoids isolated from leaves 
illuminated with sunlight of indicated intensity (PPFD 30, 100 or 430 µmol m-2 s-1) or 
far-red (FR; PPFD 50 µmol m-2 s-1) or taken directly from growth light. Fluorescence 
was excited with 470 nm light. Error bars show standard error of the mean (A) or SD 
(B) from at least three biological replications. 
Expectedly, the PSI to PSII fluorescence ratio was higher when fluorescence was 
excited with light favoring PSI compared to excitation with a PSII light (Figs. 2 and 
10D in Paper IV). Accordingly, if values of PSI to PSII fluorescence from literature 
are compared, the effect of the excitation wavelength should be kept in mind. In 
addition, the finding that a larger apparent amplitude of state transitions (i.e. larger 
relative difference in PSII to PSI fluorescence levels between states 1 and 2) was 
observed when fluorescence was excited with a PSII light, rather than with a PSI 
light (Fig. 10D in Paper IV, see also calculations in Paper IV), supports the view that 
during state 1 to 2 transition a proportion of LHCII serving PSII moves to serve PSI 
(e.g. Bassi et al. 1988, Iwai et al. 2008). 
5.3.3 Redox state of the plastoquinone pool can and should 
be measured 
So far direct HPLC measurements have revealed important roles for PQ at least 
in plants' tolerance to high light (Kruk and Szymańska 2012, Ksas et al. 2015, Ferretti 
et al. 2018, Pralon et al. 2019; see also section 1.2.5), heat (Pshybytko et al. 2008) 
and salinity (Wiciarz et al. 2018). In addition, Yoshida et al. (2010) showed that 
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besides the PQ pool, illumination affects the redox state of the ubiquinone pool 
(carriers of electrons from complex I or II to complex III in mitochondria) in A. 
thaliana. Worries about the redox state of the PQ pool possibly changing during the 
required extraction prior HPLC analysis, therefore not reflecting the situation in vivo, 
may be a reason for the relatively small number of published HPLC measurements. 
However, the redox state of the PQ pool, measured with HPLC, correlated well with 
redox states of other components of the photosynthetic electron transport chain (Figs. 
4–6 in Paper IV) and acclimation responses known to be regulated by the redox state 
of the PQ pool (Fig. 10 in Paper IV). We also confirmed that grinding a leaf in a 
ceramic mortar did not affect the results (Table S1 in Paper IV); once in an organic 
solvent, PQH2 is rather stable (Kruk and Strzałka 1999). In addition, comparison 
with literature shows that the method gives rather consistent results (about e.g. the 
size of the photoactive pool and the redox state in darkness; Kruk and Karpinski 
2006, Yoshida et al. 2010, Szechyńska-Hebda et al. 2010, Ksas et al. 2015). 
However, there are important points to note in order to achieve successful PQ 
measurements with HPLC. Extraction of the sample should be done under treatment 
conditions, as fast as possible and right before the HPLC analysis. Solutions of 
NaBH4 (used to reduce PQH2) cannot be stored. In addition, good controls should be 
performed for 100 % oxidation and reduction of the photochemically active pool 
(also the non- photochemically active PQ pool consists of both reduced and oxidized 
fractions; Fig. 8). These matters may explain why Schuurmans et al. (2014) failed to 
observe changes in the redox state of the PQ pool under different conditions in 
Synechocystis, contrary to Khorobrykh et al. (2020b). 
Compared to HPLC, fluorescence measurements are fast and (seemingly; see 
e.g. Schansker et al. 2014) simple, and therefore, fluorescence methods have often 
been used to estimate (even stronger words are sometimes used in the literature) the 
redox state of the PQ pool. A fluorescence parameter developed to measure the 
proportion of closed reaction centers (i.e. amount of QA-), 1-qP (in general, and also 
particularly in this case, instead of qP, qL that takes into account connectivity 
between PSII units, may be preferable; Kramer et al. 2004), was found to correlate 
well with HPLC measurements of the redox state of PQ pool, during different time 
points of high light illumination after darkness (Yoshida et al. 2010). On the 
contrary, under monochromatic light of moderate intensity, as used here, the 
correlation was rather poor (R2 = 0.74; Fig. S3 in Paper IV). Fluorescence parameters 
reflect the reduction state of QA, and it is not surprising that the reduction of QA does 
not necessarily follow the reduction of PQ; the difference between the redox 
potentials of the QA/QA- and QB/QB- pairs have been measured to be over 200 mV (in 
intact PSII), and between QB-/PQH2 and PQ/PQH2 ~70 mV (Golbeck and Kok 1979, 
Krieger at al. 1995, Brinkert et al. 2016, Kato et al. 2016, De Causmaecker et al. 
2019), making it hard for an electron from PQH2 to climb to QA. Absence of an F0 
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rise in the absence of light (using a chopped measuring beam of the fluorometer; Fig. 
in Paper IV), also shows that PQH2 does not directly reduce QA. In addition, the 
redox state of the PQ pool in darkness cannot be estimated based on these 
fluorescence parameters (both qP and qL are by definition 0 in the dark). 
Tóth et al. (2007) developed a proxy for the redox state of the photochemically 
active PQ pool, based on fluorescence rise curve (called OJIP rise), which may be 
more reliable than qP or qL (however, if light acclimated leaves are used, or if severe 
PSII damage exists, control values for 100 % oxidation and reduction may not be 
possible to obtain). The method has not been compared, to my knowledge, with an 
HPLC method. Such a comparison may, however, be of importance, as the theory 
behind the method of Tóth et al. (2007) assumes, for example, that binding constants 
of PQ and PQH2 to an empty QB site are the same (which is probably not the case; 
Zobnina et al. 2017, De Causmaecker et al. 2019). 
To conclude, direct measurements of the redox state of the PQ pool are advisable, 
especially when the redox state is of importance for interpretation of the results.
6 Conclusions and future 
perspectives 
For plants and all other photosynthetic organisms, light is a source of both energy 
and problems. To absorb light is easy but to safely convert it to useful forms of 
energy is not so. To split water, for example, it is required to generate the strongest 
of the known biological oxidants (P680+). How is the photosynthetic electron 
transport chain regulated and protected, damaged and repaired? How do plants and 
other photosynthetic organisms achieve the relatively high efficiencies in the 
environment that is all the time changing? These are fascinating topics to do research 
on. 
In the present work, methodology was expanded (Papers I, II and IV) and then 
utilized to solve basic reasearch questions in the field of photosynthesis (all Papers). 
One may hope that increased understanding could produce increased appreciation to 
our one-of-a-kind (probably) world, which is, at least for the present human 




This work was conducted in the laboratory of Molecular Plant Biology. Financial 
support from Academy of Finland, Turku University Foundation, Doctoral 
Programme of Molecular Life Sciences, Väisälä Foundation, FinCEAL, The Finnish 
Concordia Fund, Emil Aaltonen Foundation and University of Turku is appreciated. 
I thank Esa Tyystjärvi for teaching me how to do solid science and also for letting 
me quite freely play with whatever things I wanted to. I especially appreciate that 
you have always kept your door open for questions. For constructive criticism and 
comments, I wish to thank Saijaliisa Kangasjärvi, Yagut Allahverdiyev-Rinne and 
Albert Porcar-Castell, the members of my advisory committee, and the pre-
examiners professor Shunichi Takahashi and assistant professor Alizée Malnoë. My 
sincere thanks go also to associate professor Pavel Pospíšil for agreeing to be my 
opponent and to Eevi Rintamäki to be the custos. Taina I would like to thank for 
being a very nice and supporting person. I want to thank also all my collaborators. 
I have enjoyed my years with plant research. Thanks to Dimitar, Mariel, Sergey, 
Satu, Sujata, Susa, Tinja and all the other people I have worked with! I hope that this 
unit will continue to be one where help can always be found when needed. Thank 
you, Kurt, Tapio Mika, Anniina and all the other office and laboratory personnel, 
and sorry for the trouble…  When asked what I liked most in my work, the coffee 
breaks, I once answered. For the Pharmacity coffee culture, I want to thank Daniel, 
Duncan, Hari, Janne, Juha, Pasi, Olli and everybody else visiting the coffee room. 
Thank you, Gayathri and Pooneh for sports and gossip (for serious discussions too). 
Special thanks to everybody organizing and attending Shitty Movie Nights. 
I want to thank my family for support in all times, for fun discussions or activities 
and, importantly in this respect, for teaching me critical thinking since birth. 
Last, I try to express my gratitude to Vesa, for peer-support during these years, 
for giving credit (too much, I have no doubt) to my scientific achievements and 
simply for being (and being wonderful). 
 
9.11.2020 
List of references 
 
Adamiec M, Drath M, Jackowski G (2008) Redox state of plastoquinone pool regulates expression of 
Arabidopsis thaliana genes in response to elevated irradiance. Acta Biochim Pol 55: 161–173 
Affek HP, Yakir D (2002) Protection by isoprene against singlet oxygen in leaves. Plant Physiol 129: 
269–277 
Alboresi A, Storti M, Cendron M, Morosinotto T (2019) Role and regulation of class-C flavodiiron 
proteins in photosynthetic organisms. Biochem J 476: 2487–2498 
Allakhverdiev S, Murata N (2004) Environmental stress inhibits the synthesis de novo of proteins 
involved in the photodamage-repair cycle of Photosystem II in Synechocystis sp. PCC 6803. 
Biochim Biophys Acta Bioenerg 1657: 23–32 
Allen JF, Mullineaux CW, Sanders CE, Melis A (1989) State transitions, photosystem stoichiometry 
adjustment and non-photochemical quenching in cyanobacterial cells acclimated to light absorbed 
by photosystem I or photosystem II. Photosynth Res 22: 157–166 
Allorent G, Tokutsu R, Roach T, Peers G, Cardol P, Girard-Bascou J, Seigneurin-Berny D, Petroutsos 
D, Kuntz M, Breyton C, Franck F, Wollman FA, Niyogi KK, Krieger-Liszkay A, Minagawa J, 
Finazzia G (2013) A dual strategy to cope with high light in Chlamydomonas reinhardtii. Plant 
Cell 25: 545–557 
Ananyev G, Gates C, Dismukes GC (2016) The oxygen quantum yield in diverse algae and 
cyanobacteria is controlled by partitioning of flux between linear and cyclic electron flow within 
photosystem II. Biochim Biophys Acta Bioenerg 1857: 1380–1391 
Ananyev G, Gates C, Kaplan A, Dismukes GC (2017) Photosystem II-cyclic electron flow powers 
exceptional photoprotection and record growth in the microalga Chlorella ohadii. Biochim Biophys 
Acta Bioenerg 1858: 873–883 
Ancín M, Fernández-San Millán A, Larraya L, Morales F, Veramendi J, Aranjuelo I, Farran I (2019) 
Overexpression of thioredoxin m in tobacco chloroplasts inhibits the protein kinase STN7 and 
alters photosynthetic performance. J Exp Bot 70: 1005–1016 
Anderson JM (2001) Does functional photosystem II complex have an oxygen channel? FEBS Lett 488: 
1–4 
Anderson JM, Park YI, Chow WS (1998) Unifying model for the photoinactivation of Photosystem II 
in vivo under steady-state photosynthesis. Photosynth Res 56: 1–13 
Andersson B, Anderson JM (1980) Lateral heterogeneity in the distribution of chlorophyll-protein 
complexes of the thylakoid membranes of spinach chloroplasts. Biochim Biophys Acta 593: 427–
440 
Andreou A, Feussner I (2009) Lipoxygenases – Structure and reaction mechanism. Phytochemistry 70: 
1504–1510 
Arellano JB, Naqvi KR (2016) Endogenous singlet oxygen photosensitizers in plants. In: Nonell S, 
Flors C (eds) Singlet oxygen: Applications in biosciences and nanosciences, The Royal Society of 
Chemistry, pp. 239–269 
List of references 
 63
Armbruster U, Correa Galvis V, Kunz HH, Strand DD (2017) The regulation of the chloroplast proton 
motive force plays a key role for photosynthesis in fluctuating light. Curr Opin Plant Biol 37: 56–
62 
Aro EM, McCaffery S, Anderson JM (1994) Recovery from photoinhibition in peas (Pisum sativum 1.) 
acclimated to varying growth irradiances. Role of D1 protein turnover. Plant Physiol 104: 1033–
1041 
Aro EM, Suorsa M, Rokka A, Allahverdiyeva Y, Paakkarinen V, Saleem A, Battchikova N, Rintamaki 
E (2005) Dynamics of photosystem II: a proteomic approach to thylakoid protein complexes. J 
Exp Bot 56: 347–356 
Asada K (2000) The water–water cycle as alternative photon and electron sinks. Phil Trans R Soc Lond 
B 355: 1419–1431 
Asada K, Kiso K, Yoshikawa (1974) Univalent reduction of molecular oxygen by spinach chloroplasts 
on illumination. J Biol Chem 249: 2175–2181 
Avenson TJ, Cruz JA, Kanazawa A, Kramer DM (2005) Regulating the proton budget of higher plant 
photosynthesis. Proc Natl Acad Sci USA 102: 9709–9713 
Baena-González E, Barbato R, Aro EM (1999) Role of phosphorylation in the repair cycle and 
oligomeric structure of photosystem II. Planta 208: 196–204 
Balevičius V Jr, Fox KF, Bricker WP, Jurinovich S, Prandi IG, Mennucci B, Dufy CDP (2017) Fine 
control of chlorophyll-carotenoid interactions defines the functionality of light-harvesting proteins 
in plants. Sci Rep 7: 13956 
Ballottari M, Alcocer MLP, D’Andrea C, Viola D, Ahn DK, Petrozza A, Polli D, Fleming GR, Cerullo 
G, Bassi R (2014) Regulation of photosystem I light harvesting by zeaxanthin. Proc Natl Acad Sci 
USA E2431–E2438 
Barber J, De Las Rivas J (1993) A functional model for the role of cytochrome b559 in the protection 
against donor and acceptor side photoinhibition. Proc Natl Acad Sci USA 90: 10942–10946 
Barényi B, Krause GH (1985) Inhibition of photosynthetic reactions by light. A study with isolated 
spinach chloroplasts. Planta 163: 218–226 
Barry BA, Babcock GT (1987) Tyrosine radicals are involved in the photosynthetic oxygenevolving 
system. Proc Natl Acad Sci USA 84: 7099–7103 
Bassi R, Giacometti GM, Simpson DJ (1988) Changes in the organization of stroma membranes 
induced by in vivo state I-state 2 transition. Biochim Biophys Acta 935: 152–165 
Beisel KG, Jahnke S, Hofmann D, Köppchen S, Schurr U, Matsubara S (2010) Continuous turnover of 
carotenes and chlorophyll a in mature leaves of Arabidopsis revealed by 14CO2 pulse-chase 
labeling. Plant Physiol 152: 2188–2199 
Bellafiore S, Barneche F, Peltier G, Rochaix JD (2005) State transitions and light adaptation require 
chloroplast thylakoid protein kinase STN7. Nature 433: 892–895 
Berger H, Blifernez-Klassen O, Ballottari M, Bassi R, Wobbe L, Kruse O (2014) Integration of carbon 
assimilation modes with photosynthetic light capture in the green alga Chlamydomonas reinhardtii. 
Mol Plant 7: 1545–1559 
Bethmann S, Melzer M, Schwarz N, Jahns P (2019) The zeaxanthin epoxidase is degraded along with 
the D1 protein during photoinhibition of photosystem II. Plant Direct 3: 1–13 
Betterle N, Ballottari M, Zorzan S, de Bianchi S, Cazzaniga S, Dall’Osto L, Morosinotto T, Bassi R 
(2009) Light-induced dissociation of an antenna hetero-oligomer is needed for non-photochemical 
quenching induction. J Biol Chem 284: 15255–15266 
Bilger W, Björkman O (1994) Relationships among violaxanthin deepoxidation, thylakoid membrane 
conformation, and nonphotochemical chlorophyll fluorescence quenching in leaves of cotton 
(Gossypium-hirsutum L). Planta 193: 238–246 
Blot N, Mella-Flores D, Six C, Le Corguillé G, Boutte C, Peyrat A, Monnier A, Ratin M, Gourvil P, 
Campbell DA, Garczarek L (2011) Light history influences the response of the marine 
cyanobacterium Synechococcus sp. WH7803 to oxidative stress. Plant Physiol 156: 1934–1954 
Heta Mattila 
64 
Bode R, Ivanov AG, Hüner NPA (2016) Global transcriptome analyses provide evidence that 
chloroplast redox state contributes to intracellular as well as long-distance signalling in response 
to stress and acclimation in Arabidopsis. Photosynth Res 128: 287–312 
Bode S, Quentmeier CC, Liao PN, Hafi N, Barros T, Wilk L, Bittner F, Walla PJ (2009) On the 
regulation of photosynthesis by excitonic interactions between carotenoids and chlorophylls. Proc 
Natl Acad Sci USA 106: 12311−12316 
Borisova-Mubarakshina MM, Ivanov BN, Vetoshkina DV, Lubimov VY, Fedorchuk TP, Naydov IA, 
Kozuleva MA, Rudenko NN, Dall’Osto L, Cazzaniga S, Bassi R (2015) Long-term acclimatory 
response to exess excitation energy: Evidence for a role of hydrogen peroxide in the regulation of 
photosystem II antenna size. J Exp Bot 66: 7151–7164 
Bos P, Oosterwijk A, Koehorst R, Bader A, Philippi J, van Amerongen H, Wientjes E (2019) Digitonin-
sensitive LHCII enlarges the antenna of Photosystem I in stroma lamellae of Arabidopsis thaliana 
after far-red and blue-light treatment. Biochim Biophys Acta Bioenerg 1860: 651–658 
Bowers PG, Porter G (1967) Quantum yields of triplet formation in solutions of chlorophyll. Proc R 
Soc A296: 435–441 
Bowyer JR, Packer JC, McCormack BA, Whitelegge JP, Robinson C, Taylor MA (1992) Carboxyl-
terminal processing of the D1 protein and photoactivation of watersplitting in photosystem II. 
Partial purification and characterization of the processing enzyme from Scenedesmus obliquus and 
Pisum sativum. J Biol Chem 267: 5424–5433 
Bräutigam K, Dietzel L, Kleine T, Ströher E, Wormuth D, Dietz KJ, Radke D, Wirtz M, Hell R, 
Dörmann P, Nunes-Nesi A, Schauer N, Fernie AR, Oliver SN, Geigenberger P, Leister D, 
Pfannschmidt T (2009) Dynamic plastid redox signals integrate gene expression and metabolism 
to induce distinct metabolic states in photosynthetic acclimation in Arabidopsis. Plant Cell 21: 
2715–2732 
Brooks MD (2012) A suppressor of quenching regulates photosynthetic light harvesting. PhD 
dissertation, University of California, Berkeley 
Brinkert K, De Causmaecker S, Krieger-Liszkay A, Fantuzzi A, Rutherford WA (2016) Bicarbonate-
induced redox tuning in Photosystem II for regulation and protection. Proc Natl Acad Sci USA 
113: 12144–12149 
Buchert F, Mosebach L, Gäbelein P, Hippler M (2020) PGR5 is required for efficient Q cycle in the 
cytochrome b6f complex during cyclic electron flow. Biochem J 477: 1631–1650 
Burrows PA, Sazanov LA, Svab Z, Maliga P, Nixon PJ (1998) Identification of a functional respiratory 
complex in chloroplasts through analysis of tobacco mutants containing disrupted plastid ndh 
genes. EMBO J 17: 868–876 
Buser CA, Brudvig GW, Diner BA (1992) Photooxidation of cytochrome B559 in oxygen-evolving 
Photosystem II. Biochemistry 31:11449–11459 
Caffarri S, Croce R, Breton J, Bassi R (2001) The major antenna complex of Photosystem II has a 
xanthophyll binding site not involved in light harvesting. J Biol Chem 276: 35924–35933 
Caffarri S, Kouril R, Kereiche S, Boekema EJ, Croce R (2009) Functional architecture of higher plant 
photosystem II supercomplexes. EMBO J 28: 3052–3063 
Caffarri S, Tibiletti T, Jennings RC, Santabarbara S (2014) A comparison between plant Photosystem 
I and Photosystem II architecture and functioning. Curr Protein Pept Sci 15: 296–331 
Calzadilla PI, Zhan J, Sétif P, Lemaire C, Solymosi D, Battchikova N, Wang Q, Kirilovsky D (2019) 
the cytochrome b6f complex is not involved in cyanobacterial state transitions. Plant Cell 31: 911–
931 
Canaani O, Malkin S (1984) Distribution of light excitation in an intact leaf between the two 
photosystems of photosynthesis. Biochim Biophys Acta 766: 513–524 
Carbonera D, Gerotto C, Posocco B, Giacometti GM, Morosinotto T (2012) NPQ activation reduces 
chlorophyll triplet state formation in the moss Physcomitrella patens. Biochim Biophys Acta 
Bioenerg 1817: 1608–1615 
List of references 
 65
Cardona T, Sánchez-Baracaldo P, Rutherford AW, Larkum AW (2019) Early Archean origin of 
Photosystem II. Geobiology 17: 127–150 
Cariti F, Chazaux M, Lefebvre-Legendre L, Longoni P, Ghysels B, Johnson X, Goldschmidt-Clermont 
M (2020) Regulation of light harvesting in Chlamydomonas reinhardtii two protein phosphatases 
are involved in state transitions. Plant Physiol 183: 1749–1764 
Cazzaniga S, Bressan M, Carbonera D, Agostini A, Dall’Osto L (2016) Differential roles of carotenes 
and xanthophylls in Photosystem I Photoprotection. Biochemistry 55: 3636−3649 
Cazzaniga S, Dall’Osto L, Kong SG, Wada M, Bassi R (2013) Interaction between avoidance of photon 
absorption, excess energy dissipation and zeaxanthin synthesis against photooxidative stress in 
Arabidopsis. Plant J 76: 568–579 
Cazzaniga S, Li Z, Niyogi KK, Bassi R, Dall’Osto L (2012) The Arabidopsis szl1 mutant reveals a 
critical role of b-carotene in Photosystem I photoprotection. Plant Physiol 159: 1745–1758 
Chaturvedi R, Singh M, Sane PV (1992) Photoinactivation of photosynthetic electron transport under 
anaerobic and aerobic conditions in isolated thylakoids of spinach. Z Naturforsch 47: 63–68 
Chen GX, Kazimir J, Cheniae GM (1992) Photoinhibition of hydroxylamine-extracted photosystem II 
membranes: studies of the mechanism. Biochemistry 31: 11072–11083 
Chen T, Fluhr R (2018) Singlet oxygen plays an essential role in the root's response to osmotic stress. 
Plant Physiol 177: 1717–1727 
Chen YB, Durnford DG, Koblizek M, Falkowski PQ (2004) Plastid regulation of lhcb1 transcription in 
the chlorophyte alga Dunaliella tertiolecta. Plant Physiol 136: 3737–3750 
Christopher DA, Mullet JE (1994) Separate photosensory pathways co-regulate blue light/ultraviolet-
A-activated psbD-psbC transcription and light-induced D2 and CP43 degradation in barley 
(Hordeum vulgare) chloroplasts. Plant Physiol 104: 1119–1129 
Cinque G, Croce R, Bassi R (2000) Absorption spectra of chlorophyll a and b in Lhcb protein 
environment. Photosynth Res 64: 233–242 
Cleland RE, Melis A, Neale PJ (1986) Mechanism of photoinhibition: photochemical reaction center 
inactivation in system II of chloroplasts. Photosynth Res 9: 79–88 
Crawford T, Lehotai N, Strand Å (2018) The role of retrograde signals during plant stress responses. J 
Exp Bot 69: 2783–2795 
Croce R, van Amerongen H (2013) Light-harvesting in photosystem I. Photosynth Res 116: 153–166 
Cruz JA, Sacksteder CA, Kanazawa A, Kramer DM (2001) Contribution of electric field (Δψ) to steady-
state transthylakoid proton motive force (pmf) in vitro and in vivo. Control of pmf parsing into Δψ 
and ΔpH by ionic strength. Biochemistry 40: 1226–1237 
Cser K, Vass I (2007) Radiative and non-radiative charge recombination pathways in Photosystem II 
studied by thermoluminescence and chlorophyll fluorescence in the cyanobacterium 
Synechocystis 6803. Biochim Biophys Acta Bioenerg 1767: 233–243 
DalCorso G, Pesaresi P, Masiero S, Aseeva E, Schünemann D, Finazzi G, Joliot P, Barbato R, Leister 
D (2008) A complex containing PGRL1 and PGR5 is involved in the switch between linear and 
cyclic electron flow in Arabidopsis. Cell 132: 273–85 
Dall’Osto L, Caffarri S, Bassi R (2005) A mechanism of nonphotochemical energy dissipation, 
independent from PsbS, revealed by a conformational change in the antenna protein CP26. Plant 
Cell 17: 1217–1232 
Dall’Osto L, Holt NE, Kaligotla S, Fuciman M, Cazzaniga S, Carbonera D, Frank HA, Alric J, Bassi R 
(2012) Zeaxanthin protects plant photosynthesis by modulating chlorophyll triplet yield in specific 
light-harvesting antenna subunits. J Biol Chem 287: 41820–41834 
Davis GA, Kanazawa A, Schöttler MA, Kohzuma K, Froehlich JE, Rutherford AW, Satoh-Cruz M, 
Minhas D, Tietz S, Dhingra A, Kramer DM (2016) Limitations to photosynthesis by proton motive 
force-induced photosystem II photodamage. eLife 5: e16921 
De Causmaecker S, Douglass JS, Fantuzzi A, Nitschke W, Rutherford AW (2019) Energetics of the 
exchangeable quinone, Q(B), in Photosystem II. Proc Natl Acad Sci USA 116: 19458–19463 
Heta Mattila 
66 
de Lavalette ADL, Barucq L, Alric J, Rappaport F, Zito F (2009) Is the redox state of the ci heme of 
the cytochrome b6f complex dependent on the occupation and structure of the Qi site and vice 
versa?  J Biol Chem 284: 20822–20829 
de Wijn R, van Gorkom HJ (2001) Kinetics of electron transfer from QA to QB in Photosystem II. 
Biochemistry 40: 11912–11922 
de Wijn R, van Gorkom HJ (2002b) S-state dependence of the miss probability in Photosystem II. 
Photosynth Res 72: 217−222 
de Wijn R, van Gorkom HJ (2002a) The rate of charge recombination in Photosystem II. Biochim 
Biophys Acta 1553: 302–308 
Delaye L, Valadez-Cano C, Pérez-Zamorano B (2016) How really ancient is Paulinella chromatophora? 
PLoS Curr 8: ecurrents.tol.e68a099364bb1a1e129a17b4e06b0c6b 
Delosme R, Olive J, Wollman FA (1996) Changes in light energy distribution upon state transitions: an 
in vivo photoacoustic study of the wild type and photosynthesis mutants from Chlamydomonas 
reinhardtii. Biochim Biophys Acta 1273: 150−158 
Depège N, Bellafiore S, Rochaix JD (2003) Role of chloroplast protein kinase Stt7 in LHCII 
phosphorylation and state transition in Chlamydomonas. Science 299: 157−-1575 
deWinter A, Boxer SG (1999) The mechanism of triplet energy transfer from the special pair to the 
carotenoid in bacterial photosynthetic reaction centers. J Phys Chem B 103: 8786−8789 
Dexter DL (1953) Theory of sensitized luminescence in solids. Chem Phys 21: 836 
Di Mascio P, Martinez GR, Miyamoto S, Ronsein GE, Medeiros MHG, Cadet J (2019) Singlet 
molecular oxygen reactions with nucleic acids, lipids, and proteins. Chem Rev 119: 2043−2086 
Diner BA, Schlodder E, Nixon PJ, Coleman WJ, Rappaport F, Lavergne J, Vermaas WJM, Chisholm 
DA (2001) Site-directed mutations at D1-His198 and D2-His197 of Photosystem II in 
Synechocystis PCC 6803:  Sites of primary charge separation and cation and triplet stabilization. 
Biochemistry 40: 9265−9281 
Drop B, Yadav KNS, Boekema EJ, Croce R (2014) Consequences of state transitions on the structural 
and functional organization of photosystem I in the green alga Chlamydomonas reinhardtii. Plant 
J 78: 181−191 
Dumas L, Zito F, Clangy S, Auroy P, Johnson X, Peltier G, Alric J (2017) A stromal region of 
cytochrome b6f subunit IV is involved in the activation of the Stt7 kinase in Chlamydomonas. 
Proc Natl Acad Sci USA 114: 12063–12068 
Durrant JR, Giorgi LB, Barber J, Klug DR, Porter G (1990) Characterization of triplet-states in isolated 
photosystem II reaction centres—oxygen quenching as a mechanism for photodamage. Biochim 
Biophys Acta 1017: 176–175 
Durrant JR, Hastings G, Joseph DM, Barber J, Porter G, Klug DR (1992) Subpicosecond equilibration 
of excitation energy in isolated photosystem II reaction centers. Proc Natl Acad Sci USA 89: 
11632–11636 
Durrant JR, Klug DR, Kwa SL, van Grondelle R, Porter G, Dekker JP (1995) A multimer model for 
P680, the primary electron donor of photosystem II. Proc Natl Acad Sci USA 92: 4798–4802 
Endo T, Mi H, Shikanai T, Asada K (1997) Donation of electrons to plastoquinone by NADP(H) 
dehydrogenase and by ferredoxin-quinone reductase in spinach chloroplasts. Plant Cell Physiol 
38: 1271–1277 
Endo T, Shikanai T, Takabayashi A, Asada K, Sato F (1999) The role of chloroplastic NAD(P)H 
dehydrogenase in photoprotection. FEBS Lett 457: 5−8 
Engel GS, Calhoun TR, Read EL, Ahn TK, Mančal T, Cheng Y-C, Blankenship RE, Fleming GR 
(2007) Evidence for wavelike energy transfer through quantum coherence in photosynthetic 
systems. Nature 446: 782−786 
Escoubas JM, Lomas M, LaRoche J, Falkowski PG (1995) Light intensity regulation of cab gene 
transcription is signaled by the redox state of the plastoquinone pool. Proc Natl Acad Sci USA 92: 
10237–10241 
List of references 
 67
Faller P, Fufezan C, Rutherford AW (2005) Side-path electron donors: cytochrome b559, chlorophyll 
Z and β-carotene. In: Wydrzynski TJ, Satoh K (Eds), Photosystem II: The Light-Driven Water: 
Plastoquinone Oxidoreductase. Springer Publishers, Dordrecht, pp. 347–365 
Fan DY, Ye ZP, Wang SC, Chow W (2016) Multiple roles of oxygen in the photoinactivation and 
dynamic repair of Photosystem II in spinach leaves. Photosynth Res 127: 307–319 
Fassioli F, Dinshaw R, Arpin PC, Scholes GD (2014) Photosynthetic light harvesting: excitons and 
coherence. J R Soc Interface 11: 20130901 
Feierabend J, Dehne S (1996) Fate of the porphyrin cofactors during the light-dependent turnover of 
catalase and of the photosystem II reaction-center protein D1 in mature rye leaves. Planta 198: 
413–422 
Feikema WO, Marosvölgyi MA, Lavaud J, van Gorkom HJ (2006) Cyclic electron transfer in 
photosystem II in the marine diatom Phaeodactylum tricornutum. Biochim Biophys Acta 1757: 
829–834 
Ferretti U, Ciura J, Ksas B, Rac M, Sedlarova M, Kruk J, Havaux M, Pospısil P (2018) Chemical 
quenching of singlet oxygen by plastoquinols and their oxidation products in Arabidopsis. Plant J 
95: 848–861 
Fischer BB, Eggen RIL, Trebst A, Krieger-Liszkay A (2006) The glutathione peroxidase homologous 
gene Gpxh in Chlamydomonas reinhardtii is upregulated by singlet oxygen produced in 
photosystem II. Planta 223: 583–590 
Fischer WW, Hemp J, Johnson JE (2016a) Evolution of oxygenic photosynthesis. Annu Rev Earth 
Planet Sci 44: 647−683 
Fischer WW, Hemp J, Valentine JS (2016b) How did life survive Earth’s great oxygenation? Curr Opin 
Chem Biol 31: 166–178 
Flors C, Nonell S (2006) Light and singlet oxygen in plant defense against pathogens: phototoxic 
phenalenone phytoalexins. Acc Chem Res 39: 293–300 
Franck F, Juneau P, Popovic R (2002) Resolution of the Photosystem I and Photosystem II contributions 
tochlorophyll fluorescence of intact leaves at room temperature. Biochim Biophys Acta 1556: 239–
246 
Frank HA, McClean MB, Sauer K (1979) Triplet states in photosystem I of spinach chloroplasts and 
subchloroplast particles. Proc Nat Acad Sci USA 76: 5124−5128 
Frankel LK, Sallans L Limbach PA, Bricker TM (2012) Identification of oxidized amino acid residues 
in the vicinity of the Mn4CaO5 cluster of Photosystem II: Implications for the identification of 
oxygen channels within the photosystem. Biochemistry 51: 6371−6377 
Frigaard NU, Larsen KL, Cox RP (1996) Spectrochromatography of photosynthetic pigments as a 
fingerprinting technique for microbial phototrophs. FEMS Microbiol Ecol 20: 69−77 
Fristedt R, Granath P, Vener AV (2010) A protein phosphorylation threshold for functional stacking of 
plant photosynthetic membranes. PLoS One 5: e10963 
Fufezan C, Rutherford AW, Krieger-Liszkay A (2002) Singlet oxygen production in herbicide-treated 
Photosystem II. FEBS Lett 532: 407−410 
Gabdulkhakov A, Guskov A, Broser M, Kern J, Müh F, Saenger W, Zouni A (2009) Probing the 
accessibility of the Mn4Ca cluster in Photosystem II: channels calculation, noble gas 
derivatization, and cocrystallization with DMSO. Structure 17: 1223–1234 
Gavelis GS, Gile GH (2018) How did cyanobacteria first embark on the path to becoming plastids?: 
lessons from protist symbioses. FEMS Microbiol Lett 365: fny209 
Giera W, Ramesh VM, Webber AN, van Stokkum I, van Grondelle R, Gibasiewicz K (2010) Effect of 
the P700 pre-oxidation and point mutations near A0 on the reversibility of the primary charge 
separation in Photosystem I from Chlamydomonas reinhardtii. Biochim Biophys Acta Bioenerg 
1797: 106−112 
Girolomoni L, Ferrante P, Berteotti S, Giuliano G, Bassi R, Ballottari M (2017) The function of 
LHCBM4/6/8 antenna proteins in Chlamydomonas reinhardtii. J Exp Bot 68: 627–641 
Heta Mattila 
68 
Golbeck JH, Kok B (1979) Redox titration of electron acceptor Q and the plastoquinone pool in 
Photosystem II. Biochim Biophys Acta Bioenerg 547: 347–360 
González-Pérez S, Gutiérrez J, García-García F, Osuna D, Dopazo J, Lorenzo Ó, Revuelta JL, Arellano 
JB (2011) Early transcriptional defense responses in arabidopsis cell suspension culture under 
high-light conditions. Plant Physiol 156: 1439–1456 
Graan T, Ort DR (1984) Quantitation of the rapid electron donors to P700, the functional plastoquinone 
pool, and the ratio of the photosystems in spinach chloroplasts. J Biol Chem 259: 14003−14010 
Grieco M, Suorsa M, Jajoo A, Tikkanen M, Aro EM (2015) Light-harvesting II antenna trimers connect 
energetically the entire photosynthetic machinery — including both photosystems II and I. Biochim 
Biophys Acta Bioenerg 1847: 607−619 
Grieco M, Tikkanen M, Paakkarinen V, Kangasjarvi S, Aro EM (2012) Steady-state phosphorylation 
of light-harvesting complex II proteins preserves photosystem I under fluctuating white light. Plant 
Physiol 160: 1896–1910 
Groot ML, Pawlowicz NP, van Wilderen LJ, Breton J, van Stokkum IH, van Grondelle R (2005) Initial 
electron donor and acceptor in isolated Photosystem II reaction centers identified with 
femtosecond mid-IR spectroscopy. Proc Natl Acad Sci USA 102: 13087–13092 
Gruszka J, Pawlak A, Kruk J (2008) Tocochromanols, plastoquinol, and other biological prenyllipids 
as singlet oxygen quenchers – determination of singlet oxygen quenching rate constants and 
oxidation products. Free Radic Biol Med 45: 920−928 
Guergova-Kuras M, Boudreaux B, Joliot A, Joliot P, Redding K (2001) Evidence for two active 
branches for electron transfer in photosystem I. Proc Natl Acad Sci USA 98: 4437–4442 
Guskov A, Kern J, Gabdulkhakov A, Broser M, Zouni A, Saenger W (2009) Cyanobacterial 
photosystem II at 2.9-Å resolution and the role of quinones, lipids, channels and chloride. Nat 
Struct Mol Biol 16: 334−342 
Hakala M, Tuominen I, Keränen M, Tyystjärvi T, Tyystjärvi E (2005) Evidence for the role of the 
oxygen-evolving manganese complex in photoinhibition of photosystem II. Biochim Biophys Acta 
1706: 68–80 
Hakala-Yatkin M, Mäntysaari M, Mattila H, Tyystjärvi E (2010) Contributions of visible and ultraviolet 
parts of sunlight to photoinhibition. Plant Cell Physiol 51: 1745–1753 
Hakala-Yatkin M, Sarvikas P, Paturi P, Mäntysaari M, Mattila H, Tyystjärvi T, Nedbal L, Tyystjärvi 
(2011) Magnetic field protects plants against high light by slowing down production of singlet 
oxygen. Physiol Plant 142: 26–34 
Hakkila K, Antal T, Rehman AU, Kurkela J, Wada H, Vass I, Tyystjärvi E, Tyystjärvi T (2014) 
Oxidative stress and photoinhibition can be separated in the cyanobacterium Synechocystis sp. 
PCC 6803. Biochim Biophys Acta 1837: 217–225 
Han G, Mamedov F, Styring S (2012) Misses during water oxidation in photosystem II are S state-
dependent. J Biol Chem 287: 13422−13429 
Harbinson J, Foyer CH (1991) Relationships between the efficiencies of PS I and II and stromal redox 
state in CO2-free air: evidence for cyclic electron flow in vivo. Plant Physiol 97: 41–49 
Hasan SS, Cramer WA (2012) On rate limitations of electron transfer in the photosynthetic cytochrome 
b6f complex. Phys Chem Chem Phys 14: 13853–13860 
Hastings G, Durrant JR, Barber J, Porter G, Klug DR (1992) Observation of pheophytin reduction in 
photosystem two reaction centers using femtosecond transient absorption spectroscopy. 
Biochemistry 31: 7638–7647 
Havurinne V, Tyystjärvi E (2017) Action spectrum of photoinhibition in the diatom Phaeodactylum 
tricornutum. Plant Cell Physiol 58: 2217–2225 
Hays AMA, Vassiliev IR, Golbeck JH, Debus RJ (1998) Role of D1-His 190 in proton-coupled electron 
transfer reactions in photosystem II: a chemical complementation study. Biochemistry 37: 11352–
11365 
Heimann S, Klughammer C, Schreiber U (1998) Two distinct states of the thylakoid bf complex. FEBS 
Lett 426: 126–130 
List of references 
 69
Herbstová M, Tietz S, Kinzel C, Turkina MV, Kirchhoff H (2012) Architectural switch in plant 
photosynthetic membranes induced by light stress. Proc Natl Acad Sci USA 109: 20130–20135 
Hertle AP, Blunder T, Wunder T, Pesaresi P, Pribil M, Armbruster U, Leister D (2013) PGRL1 is the 
elusive ferredoxin-plastoquinone reductase in photosynthetic cyclic electron flow. Mol Cell 49: 
511–523 
Hideg É, Kálai T, Hideg K, Vass I (1998) Photoinhibition of photosynthesis in vivo results in singlet 
oxygen production detection via nitroxide-induced fluorescence quenching in broad bean leaves. 
Biochemistry 37: 11405–11411 
Hideg É, Kós PB, Vass I (2007) Photosystem II damage induced by chemically generated singlet 
oxygen in tobacco leaves. Physiol Plant 131: 33–40 
Hideg É, Spetea C, Vass I (1994) Singlet oxygen production in thylakoid membranes during 
photoinhibition as detected by EPR spectroscopy. Photosynth Res 39: 191–199 
Hideg É, Vass I (1993) The 75°C thermoluminescence band of green tissues: Chemiluminescence from 
membrane-chlorophyll interaction. Photochem Photobiol 58 :280–283 
Hideg É, Vass I (1995) Singlet oxygen is not produced in photosystem I under photoinhibitory 
conditions. Photochem Photobiol 62: 949–952 
Hideg É, Vass I (1996) UV-B induced free radical production in plant leaves and isolated thylakoid 
membranes. Plant Sci 115: 251–260 
Hirth M, Dietzel L, Steiner S, Ludwig R, Weidenbach H, Pfalz J, Pfannschmidt T (2013) Photosynthetic 
acclimation responses of maize seedlings grown under artificial laboratory light gradients 
mimicking natural canopy conditions. Front Sci 4: 334 
Hofmann E, Wrench PM, Sharples FP, Hiller RG, Welte W, Diederichs K (1996) Structural basis of 
light harvesting by carotenoids: peridinin-chlorophyll-protein from Amphidinium carterae. 
Science 272: 1788–1791 
Holt NE, Zigmantas D, Valkunas L, Li XP, Niyogi KK, Fleming GR (2005) Carotenoid cation 
formation and the regulation of photosynthetic light harvesting. Science 307: 433–436 
Holzwarth AR, Müller MG, Reus M, Nowaczyk M, Sander J, Rögner M (2006) Kinetics and 
mechanism of electron transfer in intact photosystem II and in the isolated reaction center: 
pheophytin is the primary electron acceptor. Proc Natl Acad Sci USA 103: 6895–6900 
Hope AB, Valente P, Matthews DP (1994) Effects of pH on the kinetics of redox reactions in and 
around the cytochrome bf complex in an isolated system. Photosynth Res 42: 111–120 
Hörtensteiner S, Kräutler B (2011) Chlorophyll breakdown in higher plants. Biochim Biophys Acta 
1807: 977–988 
Hou HJM (2014) Unidirectional photodamage of pheophytin in photosynthesis. Front Plant Sci 4: 554 
Hou CX, Rintamäki E, Aro EM (2003) Ascorbate-mediated LHCII protein phosphorylation-LHCII 
kinase regulation in light and in darkness. Biochemistry 42: 5828–5836 
Houba-Herin N, Calberg-Bacq CM, Piette J, van de Vorst A (1982) Mechanisms for dye-mediated 
photodynamic action: Singlet oxygen production, deoxyguanosine oxidation and phage 
inactivation efficiencies. Photochem Photobiol 36: 297–306 
Huang W, Cai YF, Wang JH, Zhang SB (2018b) Chloroplastic ATP synthase plays an important role 
in the regulation of proton motive force in fluctuating light. J Plant Physiol 226: 40–47 
Huang W, Yang YJ, Zhang SB, Liu T (2018a) Cyclic electron flow around photosystem I promotes 
ATP synthesis possibly helping the rapid repair of photodamaged Photosystem II at low light. 
Front Plant Sci 9: 239 
Huang W, Zhang SB, Zhang JL, Hu H (2015) Photoinhibition of photosystem I under high light in the 
shade-established tropical tree species Psychotria rubra. Front Plant Sci 6: 801 
Ibrahim IM, Wu H, Ezhov R, Kayanja GE, Zakharov SD, Du Y, Tao WA, Pushkar Y, Cramer WA, 
Puthiyaveetil S (2020) An evolutionarily conserved iron-sulfur cluster underlies redox sensory 
function of the Chloroplast Sensor Kinase. Commun Biol 3: 13 
Heta Mattila 
70 
Ido K, Gross CM, Guerrero F, Sedoud A, Lai TL, Ifuku K, Rutherford AW, Krieger-Liszkay A (2011) 
High and low potential forms of the QA quinone electron acceptor in Photosystem II of 
Thermosynechococcus elongatus and spinach. J Photochem Photobiol B 104: 154–157 
Inoue K (1986) Photoinactivation sites of Photosystem I in isolated chloroplasts. Plant Cell Physiol 27: 
961–968 
Isgandarova S, Renger G, Messinger J (2003) Functional differences of photosystem II from 
Synechococcus elongatus and spinach characterized by flash induced oxygen evolution patterns. 
Biochemistry 42: 8929−8938 
Ivanov AG, Sane PV, Hurry V, Öquist G, Huner NPA (2008) Photosystem II reaction centre quenching: 
mechanisms and physiological role. Photosynth Res 98: 565–574 
Ivanov AG, Sane PV, Krol M, Gray GR, Balseris A, Savitch LV, Öquist G, Huner NPA (2006) 
Acclimation to temperature and irradiance modulates PS II charge recombination. FEBS Lett 580: 
2797–2802 
Iwai M, Takahashi Y, Minagawa J (2008) Molecular remodeling of photosystem II during state 
transitions in Chlamydomonas reinhardtii. Plant Cell 20: 2177–2189 
Janda T, Szalai G, Páldi E (2000) Thermoluminescence investigation of low temperature stress in 
maize. Photosynthetica 38: 635–639 
Järvi S, Suorsa M, Aro EM (2015) Photosystem II repair in plant chloroplasts — Regulation, assisting 
proteins and shared components with photosystem II biogenesis. Biochim Biophys Acta 1847: 900–
909 
Järvi S, Suorsa M, Paakkarinen V, Aro EM (2011) Optimized native gel systems for separation of 
thylakoid protein complexes: novel super- and mega-complexes. Biochem J 439: 207–214 
Jegerschöld C, Virgin I, Styring S (1990) Light-dependent degradation of the D1 protein in 
Photosystem II is accelerated after inhibition of the water splitting reaction. Biochemistry 29: 
6179–6185 
Jimbo H, Izuhara T, Hihara Y, Hisabori T, Nishiyama Y (2019) Synechocystis sp. PCC 6803 Light-
inducible expression of translation factor EF-Tu during acclimation to strong light enhances the 
repair of photosystem II. Proc Natl Acad Sci USA 116: 21268–21273 
Jimbo H, Noda A, Hayashi H, Nagano T, Yumoto I, Orikasa Y, Okuyama H, Nishiyama Y (2013) 
Expression of a highly active catalase VktA in the cyanobacterium Synechococcus elongatus PCC 
7942 alleviates the photoinhibition of photosystem II. Photosynth Res 117: 509–515 
Jimbo H, Yutthanasirikul R, Nagano T, Hisabori T, Hihara Y, Nishiyama Y (2018) Oxidation of 
translation factor EF-Tu inhibits the repair of Photosystem II. Plant Physiol 176: 2691–2699 
Johnson MP, Goral TK, Duffy CD, Brain AP, Mullineaux CW, Ruban AV (2011) Photoprotective 
energy dissipation involves the reorganization of photosystem II light-harvesting complexes in the 
grana membranes of spinach chloroplasts. Plant Cell 23: 1468–1679 
Johnson GN, Rutherford AW, Krieger A (1995) A change in the midpoint potential of the quinone QA 
in Photosystem II associated with photoactivation of oxygen evolution. Biochim Biophys Acta 
Bioenerg 1229: 202–207 
Joliot P, Joliot A (2002) Cyclic electron transfer in plant leaf. Proc Natl Acad Sci USA 99: 10209–
10214 
Joliot P, Lavergne J, Beal D (1992) Plastoquinone compartmentation in chloroplasts. I. Evidence for 
domains with different rates of photo-reduction. Biochim Biophys Acta 1101: 1–12 
Jones LW, Kok B (1966a) Photoinhibition of chloroplast reactions. I. Kinetics and action spectra. Plant 
Physiol 41: 1037–1043 
Jones LW, Kok B (1966b) Photoinhibition of chloroplast reactions. II. Multiple effects. Plant Physiol 
41: 1044–1049 
Jumper CC, Rafiq S, Wang S, Scholes GD (2018) From coherent to vibronic light harvesting in 
photosynthesis.  Curr Opin Chem Biol 47: 39–46 
Jung J, Kim HS (1990) The chromophores as endogenous sensitizers involved in the photogeneration 
of singlet oxygen in spinach thylakoids. Photochem Photobiol 52: 1003–1009 
List of references 
 71
Junge W, Haumann H, Ahlbrink R, Mulkidjanian A, Clausen J (2002) Electrostatics and proton transfer 
in photosynthetic water oxidation. Philos Trans R Soc Lond B 357: 1407–1417 
Kale K, Hebert AE, Frankel LK, Sallans L, Bricker TM, Pospíšil P (2017) Amino acid oxidation of the 
D1 and D2 proteins by oxygen radicals during photoinhibition of Photosystem II. Proc Natl Acad 
Sci USA 114: 2988–29933 
Kale R, Sallans L, Frankel LK, Bricker TM (2020) Natively oxidized amino acid residues in the spinach 
PS I‑LHC I supercomplex. Photosynth Res 143: 263–273 
Kambakam S, Bhattacharjee U, Petrich J, Rodermel S (2016) PTOX mediates novel pathways of 
electron transport in etioplasts of Arabidopsis. Mol Plant 9: 1240–1259 
Kanazawa A, Kramer DM (2002) In vivo modulation of nonphotochemical exciton quenching (NPQ) 
by regulation of the chloroplast ATP synthase. Proc Natl Acad Sci USA 99: 12789–12794 
Kapri-Pardes E, Naveh L, Adam Z (2007) The thylakoid lumen protease Deg1 is involved in the repair 
of photosystem II from photoinhibition in Arabidopsis. Plant Cell 19: 1039–1047 
Kargul J, Turkina MV, Nield J, Benson S, Vener AV Barber J (2005) Light‐harvesting complex II 
protein CP29 binds to photosystem I of Chlamydomonas reinhardtii under state 2 conditions. FEBS 
J 272: 4797–4806 
Kasahara M, Kagawa T, Oikawa K, Suetsugu N, Miyao M, Wada M (2002) Chloroplast avoidance 
movement reduces photodamage in plants. Nature 420: 829–832 
Kashiyama Y, Yokoyama A, Kinoshita Y, Shoji S, Miyashiya H, Shiratori T, Suga H, Ishikawa K, 
Ishikawa A, Inouye I, Ishida K, Fujinuma D, Aoki K, Kobayashi M, Nomoto S, Mizoguchi T, 
Tamiaki H (2012) Ubiquity and quantitative significance of detoxification catabolism of 
chlorophyll associated with protistan herbivory. Proc Natl Acad Sci USA 109: 17328–17335 
Kato Y, Hyodo K, Sakamoto W (2018) The photosystem II repair cycle requires FtsH turnover through 
the EngA GTPase. Plant Physiol 178: 596–611 
Kato Y, Nagao R, Noguchi T (2016) Redox potential of the terminal quinone electron acceptor QB in 
photosystem II reveals the mechanism of electron transfer regulation. Proc Natl Acad Sci USA 
113: 620–625 
Kato Y, Ohira A, Nagao R, Noguchi T (2019) Does the water-oxidizing Mn4CaO5 cluster regulate the 
redox potential of the primary quinone electron acceptor QA in photosystem II? A study by fourier 
transform infrared spectroelectrochemistry. Biochim Biophys Acta Bioenerg 1860: 148082 
Keren N, Berg A, Van Kan PJM, Levanon H, Ohad I (1997) Mechanism of photosystem II 
photoinactivation and D1 protein degradation at low light: The role of back electron flow. Proc 
Natl Acad Sci USA 94: 1579–1584 
Kern J et al. (2018) Structures of the intermediates of Kok’s photosynthetic water oxidation clock. 
Nature 563: 421–425 
Khatoon M, Inagawa K, Pospíšil P, Yamashita A, Yoshioka M, Lundin B, Horie J, Morita N, Jajoo A, 
Yamamoto Y, Yamamoto Y (2009) Quality control of photosystem II: thylakoid unstacking is 
necessary to avoid further damage to the D1 protein and to facilitate D1 degradation under light 
stress in spinach thylakoids. J Biol Chem 284: 25343–25352 
Khorobrykh S, Tsurumaki T, Tanaka K, Tyystjärvi T, Tyystjärvi E (2020b) Measurement of the redox 
state of the plastoquinone pool in cyanobacteria. FEBS Lett 594: 367–375 
Khorobrykh SA, Havurinne V, Mattila H, Tyystjärvi E (2020a) Oxygen and ROS in photosynthesis. 
Plants 9: 91 
Khorobrykh SA, Khorobrykh AA, Yanykin DV, Ivanov BN, Klimov VV, Mano J (2011) 
Photoproduction of catalase-insensitive peroxides on the donor side of manganese-depleted 
Photosystem II: Evidence with a specific fluorescent probe. Biochemistry 50: 10658–10665 
Khorobrykh SA, M Karonen, E Tyystjärvi (2015) Experimental evidence suggesting that H2O2 is 
produced within the thylakoid membrane in a reaction between plastoquinol and singlet oxygen. 
FEBS Lett 589: 779–786 
Kihara S, Hartzler DA, Savikhin S (2014) Oxygen concentration inside a functioning photosynthetic 
cell. Biophys J 106: 1882–1889 
Heta Mattila 
72 
Kirilovsky D (2015) Modulating energy arriving at photochemical reaction centers: orange carotenoid 
protein-related photoprotection and state transitions. Photosynth Res 126: 3–17 
Klauss A, Haumann M, Dau H (2012) Alternating electron and proton transfer steps in photosynthetic 
water oxidation. Proc Natl Acad Sci USA 109: 16035–16040 
Knaff DB, Arnon DI (1969) Light-induced oxidation of a chloroplast b-type cytochrome at -189 °C. 
Proc Natl Acad Sci USA 63: 956–962 
Knopf RR, Adam Z (2018) Lumenal exposed regions of the D1 protein of PSII are long enough to be 
degraded by the chloroplast Deg1 protease. Sci Rep 8: 5230 
Kodru S, ur Rehman A, Vass I (2020) Chloramphenicol enhances Photosystem II photodamage in intact 
cells of the cyanobacterium Synechocystis PCC 6803. Photosynth Res 145: 227–235 
Koivuniemi A, Aro EM, Andersson B (1995) Degradation of the D1- and D2-proteins of photosystem 
II in higher plants is regulated by reversible phosphorylation. Biochemistry 34: 16022–16029 
Kojima K, Motohashi K, Morota T, Oshita M, Hisabori T, Hayashi H, Nishiyama Y (2009) Regulation 
of translation by the redox state of elongation factor G in the cyanobacterium Synechocystis sp. 
PCC 6803. J Biol Chem 284: 18685–18691 
Kok B, Forbush B, McGloin M (1970) Cooperation of charges in photosynthetic O2 evolution. I. A 
linear four step mechanism. Photochem Photobiol 11: 457–475 
Kornyeyev D, Holaday S, Logan B (2003) Predicting the extent of Photosystem II photoinactivation 
using chlorophyll a fluorescence parameters measured during illumination. Plant Cell Physiol 44: 
1064–1070 
Kós PB, Deák Z, Cheregi O, Vass I (2008) Differential regulation of psbA and psbD gene expression, 
and the role of the different D1 protein copies in the cyanobacterium Thermosynechococcus 
elongatus BP-1. Biochim Biophys Acta 1777: 74–83 
Koskela MM, Brünje A, Ivanauskaite A, Grabsztunowicz M, Lassowskat I, Neumann U, Dinh TV, 
Sindlinger J, Schwarzer D, Wirtz M, Tyystjärvi E, Finkemeier I, Mulo P (2018) Chloroplast 
acetyltransferase NSI is required for state transitions in Arabidopsis thaliana. Plant Cell 30: 1695–
1709 
Kramer DM, Johnson G, Kiirats O, Edwards GE (2004) New fluorescence parameters for the 
determination of QA redox state and excitation energy fluxes. Photosynth Res 79: 209–218 
Krasnovsky Jr AA (1994) Singlet molecular oxygen: mechanisms of formation and deactivation 
pathways in the photosynthetic systems. Biofizika 39: 236–250 
Krasnovsky Jr AA, Cheng P, Blankenship RE, Moore TA, Gust D (1993) The photophysics of 
monomeric bacteriochlorophylls-C and bacteriochlorophylls-D and their derivatives - properties 
of the triplet-state and singlet oxygen photogeneration and quenching. Photochem Photobiol 57: 
324–330 
Kreisbeck C, Aspuru-Guzik A (2016) Efficiency of energy funneling in the photosystem II 
supercomplex of higher plants. Chem Sci 7: 4174–4183 
Krieger A, Rutherford AW (1997) Comparison of chloride-depleted and calcium-depleted PSII: 
themidpoint potential of Q(A) and susceptibility to photodamage. Biochim Biophys Acta 1319: 91–
98 
Krieger A, Rutherford AW, Johnson GN (1995) On the determination of redox midpoint potential of 
the primary quinone electron acceptor, QA, in photosystem II. Biochim Biophys Acta 1229: 193–
201 
Kruk J, Hollander-Czytko H, Oettmeier W, Trebst A (2005) Tocopherol as singlet oxygen scavenger 
in photosystem II. J Plant Physiol 162: 749–757 
Kruk J, Karpinski S (2006) An HPLC-based method of estimation of the total redox state of 
plastoquinone in chloroplasts, the size of the photochemically active plastoquinone-pool and its 
redox state in thylakoids of Arabidopsis. Biochim Biophys Acta 1757: 1669–1675 
Kruk J, Strzałka K (1999) Dark reoxidation of the plastoquinone-pool is mediated by the low-potential 
form of cytochrome b-559 in spinach thylakoids. Photosynth Res 62: 273–279 
List of references 
 73
Kruk J, Szymańska R (2012) Singlet oxygen and non-photochemical quenching contribute to oxidation 
of the plastoquinone-pool under high light stress in Arabidopsis. Biochim Biophys Acta 1817: 705–
710 
Kruk J, Trebst A (2008) Plastoquinol as a singlet oxygen scavenger in Photosystem II. Biochim Biophys 
Acta 1777: 154–162 
Krynická V, Shao S, Nixon PJ, Komenda J (2015) Accessibility controls selective degradation of 
photosystem II subunits by FtsH protease. Nat Plants 1: 15168 
Ksas B, Becuwe N, Chevalier A, Havaux M (2015) Plant tolerance to excess light energy and 
photooxidative damage relies on plastoquinone biosynthesis. Sci Rep 5: 10919 
Kupitz C et al. (2014) Serial time-resolved crystallography of photosystem II using a femtosecond X-
ray laser. Nature 513: 261–265 
Kyle DJ, Ohad I, Arntzen CJ (1984) Membrane protein damage and repair: Selective loss of a quinone-
protein function in chloroplast membranes. Proc Natl Acad Sci USA 81: 4070–4074 
Laisk A, Eichelmann H, Oja V, Peterson RB (2005) Control of cytochrome b6 f at low and high light 
intensity and cyclic electron transport in leaves. Biochim Biophys Acta 1708: 79–90 
Laisk A, Oja V, Eichelmann H (2016) Kinetics of plastoquinol oxidation by the Q-cycle in leaves. 
Biochim Biophys Acta 1857: 819–830 
Laisk A, Oja V, Eichelmann H, Dall'Osto L (2014) Action spectra of photosystems II and I and quantum 
yield of photosynthesis in leaves in State 1. Biochim Biophys Acta 1837: 315–325 
Lambrev PH, Miloslavina Y, Jahns P, Holzwarth AE (2012) On the relationship between non-
photochemical quenching and photoprotection of Photosystem II. Biochim Biophys Acta 1817: 
760–769 
Lavergne J (1983) Membrane potential-dependent reduction of cytochrome b-6 in an algal mutant 
lacking Photosystem I centers. Biochim Biophys Acta Bioenerg 725: 25–33 
Lazarova D, Stanoeva D, Popova A, Vasilev D, Velitchkova M (2014) UV-B induced alteration of 
oxygen evolving reactions in pea thylakoid membranes as affected by scavengers of reactive 
oxygen species. Biol Plantarum 58: 319–327 
Lee PC, Rodgers MAJ (1983) Singlet molecular oxygen in micellar systems. 1. Distribution equilibria 
between hydrophobic and hydrophilic compartments. J Phys Chem 87: 4894–4898 
Li L, Aro EM, Millar AH (2018) Mechanisms of photodamage and protein turnover in photoinhibition. 
Trends Plant Sci 23: 667–676 
Li Q, Yao ZJ, Mi H, (2016) Alleviation of photoinhibition by co-ordination of chlororespiration and 
cyclic electron flow mediated by NDH under heat stressed condition in tobacco. Front Plant Sci 
7: 285 
Li XP, Björkman O, Shih C, Grossman AR, Rosenquist M, Jansson S, Niyogi KK (2000) A pigment-
binding protein essential for regulation of photosynthetic light harvesting. Nature 403: 391–395 
Lima-Melo Y, Collan PJ, Tikkanen M, Silveira JAG, Aro EM (2019) Consequences of photosystem-I 
damage and repair on photosynthesis and carbon use in Arabidopsis thaliana. Plant J 97: 1061–
1072 
Lion Y, Delmelle M, van de Vorst A (1976) New method of detecting singlet oxygen production. 
Nature 263: 442–443 
Liu Y, Edge R, Henbest K, Timmel CR, Hore PJ, Gast P (2005) Magnetic field effect on singlet oxygen 
production in a biochemical system. Chem commun 174–176 
Longoni P, Samol I, Goldschmidt-Clermont M (2019) The kinase STATE TRANSITION 8 
phosphorylates light harvesting complex ii and contributes to light acclimation in Arabidopsis 
thaliana. Front Plant Sci 10: 1156 
Ma F, Chen XB, Sang M, Wang P, Zhang JP, Li LB, Kuang TY (2009) Singlet oxygen formation and 
chlorophyll a triplet excited state deactivation in the cytochrome b6f complex from Bryopsis 
corticulans. Photosynth Res 100: 19–28 
Majer P, Neugart S, Krumbein A, Schreiner M, Hideg É (2014) Singlet oxygen scavenging by leaf 
flavonoids contributes to sunlight acclimation in Tilia platyphyllos. Environ Exper Bot 100: 1–9 
Heta Mattila 
74 
Malnoë A, Schultink A, Shahrasbi S, Rumeau D, Havaux M, Niyogi KK (2018) The plastid lipocalin 
LCNP is required for sustained photoprotective energy dissipation in Arabidopsis. Plant Cell 30: 
196–208 
Malone LA, Qian P, Mayneord GE, Hitchcock A, Farmer DA, Thompson RF, Swainsbury DJK, Ranson 
NA, Hunter CN, Johnson MP (2019) Cryo-EM structure of the spinach cytochrome b6 f complex 
at 3.6 Å resolution. Nature 575: 535-539 
Mao HB, Li GF, Ruan X, Wu QY, Gong YD, Zhang XF, Zhao NM (2002) The redox state of 
plastoquinone pool regulates state transitions via cytochrome b6f complex in Synechocystis sp. 
PCC 6803. FEBS Lett 519: 82–86 
Marin B, Nowack ECM, Melkonian M (2005) Plastid in the making: Evidence for a second primary 
endosymbiosis. Protist 156: 425–432 
Martin WF, Bryant DA, Beatty JT (2018) A physiological perspective on the origin and evolution of 
photosynthesis. FEMS Microbiol Rev 42: 205–231 
Martínez-Junza V, Szczepaniak M, Braslavsky SE, Sander J, Nowaczyk M, Rögner M, Holzwarth A 
(2008) A photoprotection mechanism involving the D2 branch in photosystem II cores with closed 
reaction centers. Photochem Photobiol Sci 7: 1337–1343 
Mattila H, Khorobrykh S, Havurinne V, Tyystjärvi E (2015) Reactive oxygen species: Reactions and 
detection from photosynthetic tissues. J Photochem Photobiol B 152: 176–214 
Maxwell K, Johnson GN (2000) Chlorophyll fluorescence – a practical guide. J Exp Bot 51: 659–668 
Mazor Y, Borovikova A, Caspy I, Nelson N (2017) Structure of the plant photosystem I supercomplex 
at 2.6 Å resolution. Nat Plants 3: 17014 
Mccollom TM, Shock EL (1997) Geochemical constraints on chemolithoautotrophic metabolism by 
microorganisms in seafloor hydrothermal systems. Geochim Cosmochim Acta 61: 4375–4391 
Mekala NR, Suorsa M, Rantala M, Aro EM, Tikkanen M (2015) Plants actively avoid state transitions 
upon changes in light intensity: role of light-harvesting complex II protein dephosphorylation in 
high light. Plant Physiol 168: 721–734 
Mereschkowsky C (1905) Über natur und ursprung der chromatophoren im pflanzenreiche. Biol Cent 
25: 593–604 
Merkel PB, Kearns DR (1972) Radiationless decay of singlet molecular oxygen in solution. An 
experimental and theoretical study of electronic-to-vibrational energy transfer. J Am Chem Soc 94: 
7244–7253 
Meyer B, Schlodder E, Dekker JP, Witt HT (1989) O2 evolution and Chl a+II (P-680+) nanosecond 
reduction kinetics in single flashes as a function of pH. Biochim Biophys Acta Bioenerg 974: 36–
43 
Mitchell P (1979) Possible molecular mechanisms of the protonmotive function of cytochrome systems. 
J Theor Biol 62: 327–367 
Miyake C, Okamura M (2003) Cyclic electron flow within PSII protects PSII from its photoinhibition 
in thylakoid membranes from spinach chloroplasts. Plant Cell Physiol 44: 457–462 
Miyamoto S, Ronsein GE, Prado FM, Uemi M, Corrêa TC, Toma IN, Bertolucci A, Oliveira MCB, 
Motta FD, Medeiros MHG, Di Mascio P (2007) Biological hydroperoxides and singlet molecular 
oxygen generation. IUBMB Life 59: 322–331 
Moan J (1990) On the diffusion length of singlet oxygen in cells and tissues. J Photochem Photobiol B 
6: 343–347 
Mohamed A, Jansson C (1989) Influence of light on accumulation of photosynthesis-specific transcripts 
in the cyanobacterium Synechocystis 6803. Plant Mol Biol 13: 693–700 
Moore KR, Magnabosco C, Momper L, Gold DA, Bosak T, Fournier GP (2019) An expanded ribosomal 
phylogeny of Cyanobacteria supports a deep placement of plastids. Front Microbiol 10: 1612 
Mor A, Koh E, Weiner L, Rosenwasser S, Sibony-Benyamini H, Fluhr R (2014) Singlet oxygen 
signatures are detected independent of light or chloroplasts in response to multiple stresses. Plant 
Physiol 165: 249–261 
List of references 
 75
Mozzo M, Dall’Osto L, Hienerwadel R, Bassi R, Croce R (2008) Photoprotection in the Antenna 
Complexes of Photosystem II. Role of individual xanthophylls in chlorophyll triplet quenching. J 
Biol Chem 283: 6184–6192 
Mulkidjanian AY (2010) Activated Q-cycle as a common mechanism for cytochrome bc1 and 
cytochrome b6f complexes. Biochim Biophys Acta 1797: 1858–1868 
Müller MG, Lambrev P, Reus M, Wientjes E, Croce R, Holzwarth AR (2010) Singlet energy dissipation 
in the photosystem ii light- harvesting complex does not involve energy transfer to carotenoids. 
ChemPhysChem 11: 1289−1296 
Müller MG, Niklas J, Lubitz W, Holzwarth AR (2003) Ultrafast transient absorption studies on 
Photosystem I reaction centers from Chlamydomonas reinhardtii. 1. A new interpretation of the 
energy trapping and early electron transfer steps in Photosystem I. Biophys J 85: 3899–3922 
Mullineaux CW, Allen JF (1990) State 1-state 2 transitions in the cyanobacterium Synechococcus 6301 
are controlled by the redox state of electron carriers between Photosystems I and II. Photosynth 
Res 23: 297–311 
Mulo P, Medina M (2017) Interaction and electron transfer between ferredoxin–NADP+ 
oxidoreductase and its partners: structural, functional, and physiological implications. Photosynth 
Res 134: 265–280 
Mulo P, Pursiheimo S, Hou CX, Tyystjärvi T, Aro EM (2003) Multiple effects of antibiotics on 
chloroplast and nuclear gene expression. Funct Plant Biol 30: 1097–1103 
Munekage Y, Hashimoto M, Miyake C, Tomizawa K, Endo T, Tasaka M, Shikanai T (2004) Cyclic 
electron flow around photosystem I is essential for photosynthesis. Nature 429: 579–582 
Munekage YN, Hojo M, Meurer J, Endo T, Tasaka M, Shikanai T (2002) PGR5 is involved in cyclic 
electron flow around photosystem I and is essential for photoprotection in Arabidopsis. Cell 110: 
361–371 
Mur LA, Aubry S, Mondhe M, Kingston-Smith A, Gallagher J, Timms-Taravella E, James C, Papp I, 
Hörtensteiner S, Thomas H, Ougham H (2010) Accumulation of chlorophyll catabolites 
photosensitizes the hypersensitive response elicited by Pseudomonas syringae in Arabidopsis. New 
Phytol 188: 161–174 
Murata N, Nishiyama Y (2018) ATP is a driving force in the repair of photosystem II during 
photoinhibition. Plant Cell Environ 41: 285–299 
Murray JW, Barber J (2007) Structural characteristics of channels and pathways in photosystem II 
including the identification of an oxygen channel. J Struct Biol 159: 228–237 
Nagao R, Yamaguchi M, Nakamura S, Ueoka-Nakanishi H, Noguchi T (2017) Genetically introduced 
hydrogen bond interactions reveal an asymmetric charge distribution on the radical cation of the 
special-pair chlorophyll P680. J Biol Chem 292: 7474–7486 
Nagarajan A, Burnap RL (2014) Parallel expression of alternate forms of psbA2 gene provides evidence 
for the existence of a targeted D1 repair mechanism in Synechocystis sp. PCC 6803. Biochim 
Biophys Acta 1837: 1417–1426 
Nagy G, Unnep R, Zsiros O, Tokutsu R, Takizawa K, Porcar L, Moyet L, Petroutsos D, Garab G, 
Finazzi G, Minagawa J (2014) Chloroplast remodeling during state transitions in Chlamydomonas 
reinhardtii as revealed by noninvasive techniques in vivo. Proc Natl Acad Sci USA 111: 5042–
5047 
Nakamura S, Hidema J, Sakamoto W, Ishida H, Izumi M (2018) Selective elimination of membrane-
damaged chloroplasts via microautophagy. Plant Physiol 177: 1007–1026 
Nawrocki W, Tourasse NJ, Taly A, Rappaport F, Wollman FA (2015) The plastid terminal oxidase: its 
elusive function points to multiple contributions to plastid physiology. Annu Rev Plant Biol 66: 
49–74 
Nishiyama Y, Allakhverdiev SI, Yamamoto H, Hayashi H, Murata N (2004) Singlet oxygen inhibits 
the repair of photosystem II by suppressing the translation elongation of the D1 protein in 
Synechocystis sp. PCC 6803. Biochemistry 43: 11321–11330 
Heta Mattila 
76 
Nishiyama Y, Murata N (2014) Revised scheme for the mechanism of photoinhibition and its 
application to enhance the abiotic stress tolerance of the photosynthetic machinery. Appl Microbiol 
Biotechnol 98: 8777–8796 
Nishiyama Y, Yamamoto H, Allakhverdiev SI, Inaba M, Yokota A, Murata N (2001) Oxidative stress 
inhibits the repair of photodamage to the photosynthetic machinery. EMBO J 20: 5587–5594 
Noguchi T, Tomo T, Kato C (2001) Triplet formation on a monomeric chlorophyll in the Photosystem 
II reaction center as studied by time-resolved infrared spectroscopy. Biochemistry 40: 2176–2185 
Novoderezhkin VI, Dekker JP, van Grondelle R (2007) Mixing of exciton and charge-transfer states in 
photosystem II reaction centers: modeling of Stark spectra with modified Redfield theory. Biophys 
J 93: 1293–1311 
Ohad I, Adir N, Koike H, Kyle DJ, Inoue Y (1990) Mechanism of photoinhibition in vivo. A reversible 
light-induced conformational change of reaction center II is related to an irreversible modification 
of the D1 protein. J Biol Chem 265: 1972–1979 
Ohad I, Kyle DJ, Arntzen CJ (1984) Membrane protein damage and repair: Removal and replacement 
of inactivated 32-kilodalton polypeptides in chloroplast membranes. J Cell Biol 270: 14919–14927 
Ohnishi N, Allakhverdiev SI, Takahashi S, Higashi S, Watanabe M, Nishiyama Y, Murata N (2005) 
Two-step mechanism of photodamage to Photosystem II: Step 1 occurs at the oxygen-evolving 
complex and step 2 occurs at the photochemical reaction center. Biochemistry 44: 8494–8499 
Okada K, Satoh K, Katoh S (1991) Chloramphenicol is an inhibitor of photosynthesis. FEBS Lett 295: 
155–158 
Orf GS, Gisriel C, Redding KE (2018) Evolution of photosynthetic reaction centers: insights from the 
structure of the heliobacterial reaction center. Photosynth Res 138: 11–37 
Pathak V, Prasad A, Pospíšil P (2017) Formation of singlet oxygen by decomposition of protein 
hydroperoxide in photosystem II. PLoS One 12: e0181732 
Pavlou A, Jacques J, Ahmadova N, Mamedov F, Styring S (2018) The wavelength of the incident light 
determines the primary charge separation pathway in Photosystem II. Sci Rep 8: 2837 
Peers G, Truong TB, Ostendorf E, Busch A, Elrad D, Grossman AR, Hippler M, Niyogi KK (2009) An 
ancient light-harvesting protein is critical for the regulation of algal photosynthesis. Nature 462: 
518–521 
Pesaresi P, Hertle A, Pribil M, Kleine T, Wagner R, Strissel H, Ihnatowicz A, Bonardi V, Scharfenberg 
M, Schneider A, Pfannschmidt T, Leister D (2009) Arabidopsis STN7 kinase provides a link 
between short- and long-term photosynthetic acclimation. Plant Cell 21: 2402–2423 
Pesaresi P, Lunde C, Jahns P, Tarantino D, Meurer J, Varotto C, Hirtz RD, Soave C, Scheller H, 
Salamini F, Leister D (2002) A stable LHCII-PSI aggregate and suppression of photosynthetic 
state transitions in the psae1-1 mutant of Arabidopsis thaliana. Planta 215: 940–948 
Pescheck F, Lohbeck KT, Roleda MY, Bilger W (2014) UVB-induced DNA and photosystem II 
damage in two intertidal green macroalgae: Distinct survival strategies in UV-screening and non-
screening Chlorophyta. J Photochem Photobiol B 132: 85–93 
Peterman EJ, Dukker FM, van Grondelle R, van Amerongen H (1995) Chlorophyll a and carotenoid 
triplet states in light-harvesting complex II of higher plants. Biophys J 69: 2670–2678 
Petersen J, Förster K, Turina P, Gräber P (2012) Comparison of the H+/ATP ratios of the H+-ATP 
synthases from yeast and from chloroplast. Proc Natl Acad Sci USA 109: 11150–11155 
Petrillo E, Godoy Herz MA, Fuchs A, Reifer, Fuller J, Yanovsky MJ, Simpson C, Brown JWS, Barta 
A, Kalyna M, Kornblihtt AR (2014) A chloroplast retrograde signal regulates nuclear alternative 
splicing. Science 344: 427–430 
Pham LV, Messinger J (2016) Probing S-state advancements and recombination pathways in 
photosystem II with a global fit program for flash-induced oxygen evolution pattern. Biochim 
Biophys Acta 1857: 848–859 
Pietrzykowska M, Suorsa M, Semchonok DA, Tikkanen M, Boekema EJ, Aro EM, Jansson S (2014) 
The light-harvesting chlorophyll a/b binding proteins Lhcb1 and Lhcb2 play complementary roles 
during state transitions in Arabidopsis. Plant Cell 26: 3646–3660 
List of references 
 77
Piippo M, Allahverdiyeva Y, Paakkarinen V, Suoranta UM, Battchikova N, Aro EM (2006) 
Chloroplast-mediated regulation of nuclear genes in Arabidopsis thaliana in the absence of light 
stress. Physiol Genomics 25: 142–152 
Pinnola A, Bassi R (2018) Molecular mechanisms involved in plant photoprotection. Biochem Soc 
Trans 46: 467–482 
Pons TL, de Jong van Berkel YEM (2004) Species-specific variation in the importance of the spectral 
quality gradient in canopies as a signal for photosynthetic resource partitioning. Ann Bot 94: 725–
732 
Pospíšil P, Prasad A, Rác M (2019) Mechanism of the formation of electronically excited species by 
oxidative metabolic processes: Role of reactive oxygen species. Biomolecules 9: 258 
Pospíšil P, Šnyrychová I, Nauš J (2007) Dark production of reactive oxygen species in photosystem II 
membrane particles at elevated temperature: EPR spin-trapping study. Biochim Biophys Acta 
Bioenerg 1767: 854–859 
Poulson ME, Thai T (2015) Effect of high light intensity on photoinhibition, oxyradicals and 
artemisinin content in Artemisia annua L. Photosynthetica 53: 403–409 
Pralon T, Shanmugabalaji V, Longoni P, Glauser G, Ksas B, Collombat J, Desmeules S, Havaux M, 
Finazzi G, Kessler F (2019) Plastoquinone homoeostasis by Arabidopsis proton gradient regulation 
6 is essential for photosynthetic efficiency. Commun Biol 2: 220 
Prasad A, Sedlářová M, Kale RS, Pospíšil P (2017) Lipoxygenase in singlet oxygen generation as a 
response to wounding: in vivo imaging in Arabidopsis thaliana. Sci Rep 7: 9831 
Prasad A, Sedlářová M, Pospíšil P (2018) Singlet oxygen imaging using fluorescent probe Singlet 
Oxygen Sensor Green in photosynthetic organisms. Sci Rep 8 :13685 
Przybyla D, Gobel C, Imboden A, Feussner I, Hamberg M, Apel K (2008) Enzymatic, but not non-
enzymatic 1O2-mediated peroxidation of polyunsaturated fatty acids forms part of the 
EXECUTER1-dependent stress response program in the flu mutant of Arabidopsis thaliana. Plant 
J 54: 236–248 
Pshybytko NL, Kruk J, Kabashnikova LF, Stralka K (2008) Function of plastoquinone in heat stress 
reactions of plants. Biochim Biophys Acta 1777: 1393–1399 
Ptushenko VV, Cherepanov DA, Krishtalik LI, Semenov AY (2008) Semi-continuum electrostatic 
calculations of redox potentials in photosystem I. Photosynth Res 97: 55–74 
Puthiyaveetil S, Kavanagh TA, Cain P, Sullivan JA, Newell CA, Gray JC, Robinson C, van der Giezen 
M, Rogers MB, Allen JF (2008) The ancestral symbiont sensor kinase CSK links photosynthesis 
with gene expression in chloroplasts. Proc Natl Acad Sci USA 105: 10061–10066 
Ragás X, Jiménez-Banzo A, Sánchez-García D, Batllori X, Nonell S (2009) Singlet oxygen 
photosensitisation by the fluorescent probe Singlet Oxygen Sensor Green®. Chem Commun 20: 
2920–2922 
Rajagopal S, Joly D, Gauthier A, Beauregard M, Carpentier R (2005) Protective effect of active oxygen 
scavengers on protein degradation and photochemical function in photosystem I submembrane 
fractions during light stress. FEBS J 272: 892–902 
Ramel F, Birtic S, Cuiné S, Triantaphylidès C, Ravanat JC, Havaux M (2012a) Chemical quenching of 
singlet oxygen by carotenoids in plants. Plant Physiol 158: 1267–1278 
Ramel F, Birtic S, Ginies C, Soubigou‐Taconnat L, Triantaphylides C, Havaux M (2012b) Carotenoid 
oxidation products are stress signals that mediate gene responses to singlet oxygen in plants. Proc 
Natl Acad Sci USA 109: 5535–5540 
Ramel F, Ksas B, Akkari E, Mialoundama AS, Monnet F, Krieger-Liszkay A, Ravanat JC, Mueller MJ, 
Bouvier F, Havaux M (2013) Light-induced acclimation of the Arabidopsis chlorina1 mutant to 
singlet oxygen. Plant Cell 25: 1445–1462 
Ranjbar Choubeh R, Wientjes E, Struik PC, Kirilovsky D, van Amerongen H (2018) State transitions 
in the cyanobacterium Synechococcus elongatus 7942 involve reversible quenching of the 
photosystem II core. Biochim Biophys Acta Bioenerg 1859: 1059–1066 
Heta Mattila 
78 
Rantala M, Rantala S, Aro EM (2020a) Composition, phosphorylation and dynamicorganization of 
photosynthetic protein complexes in plant thylakoid membrane. Photochem Photobiol Sci DOI: 
10.1039/d0pp00025f  
Rantala S, Lempiainen T, Gerotto C, Tiwari A, Aro EM, Tikkanen M (2020b) PGR5 and NDH-1 
systems do not function as protective electron acceptors but mitigate the consequences of PSI 
inhibition. Biochim Biophys Acta Bioenerg 1861: 148154 
Rappaport F, Lavergne J (2009) Thermoluminescence: theory. Photosynth Res 101: 205–216 
Rastogi A, Yadav DK, Szymańska R, Kruk J, Sedlářová M, Pospíšil P (2014) Singlet oxygen 
scavenging activity of tocopherol and plastochromanol in Arabidopsis thaliana: relevance to 
photooxidative stress. Plant Cell Environ 37: 392–401 
Rastogi VK, Girvin ME (1999) Structural changes linked to proton translocation by subunit c of the 
ATP synthase. Nature 402: 263–268 
Raven JA (2009) Contributions of anoxygenic and oxygenic phototrophy and chemolithotrophy to 
carbon and oxygen fluxes in aquatic environments. Aquat Microb Ecol 56: 177–192 
Redmond RW, Gamlin JN (1999) A compilation of singlet oxygen yields from biologically relevant 
molecules. Photochem Photobiol 70: 391–475 
Rehman AU, Cser K, Sass L, Vass I (2013) Characterization of singlet oxygen production and its 
involvement inphotodamage of Photosystem II in the cyanobacterium Synechocystis PCC 6803 
by histidine-mediated chemical trapping. Biochim Biophys Acta 1827: 689–698 
Rehman AU, Kodru S, Vass I (2016b) Chloramphenicol mediates superoxide production in 
Photosystem II and enhances its photodamage in isolated membrane particles. Front Plant Sci 7: 
479 
Rehman AU, Szabó M, Deák Z, Sass L, Larkum A, Ralph P, Vass I (2016a) Symbiodinium sp. cells 
produce light-induced intra- and extracellular singlet oxygen, which mediates photodamage of the 
photosynthetic apparatus and has the potential to interactwith the animal host in coral symbiosis. 
New Phytol 212: 472–484 
Reinman S, Mathis P (1981) Influence of temperature on photosystem II electron transfer reactions. 
Biochim Biophys Acta 635: 249–258 
Renger G, Völker M, Eckert HJ, Fromme R, Hohm-Veit S, Graber P (1989) On the mechanism of 
Photosystem II deterioration by UV-B irradiation. Photochem Photobiol 49: 97–105 
Renger T, Schlodder E (2011) Optical properties, excitation energy and primary charge transfer in 
photosystem II: Theory meets experiment. J Photochem Photobiol B 104: 126–141 
Rintamäki E, Martinsuo P, Pursiheimo S, Aro EM (2000) Cooperative regulation of light-harvesting 
complex II phosphorylation via the plastoquinol and ferredoxin-thioredoxin system in 
chloroplasts. Proc Natl Acad Sci USA 97: 11644–11649 
Rippka R, Deruelles J, Waterbury JB, Herdman M, Stanier RY (1979) Generic assignments, strain 
histories and properties of pure cultures of cyanobacteria. J Gen Microbiol 111: 1–61 
Roach T, Krieger-Liszkay A (2012) The role of the PsbS protein in the protection of photosystems I 
and II against high light in Arabidopsis thaliana. Biochim Biophys Acta 1817: 2158–2165 
Roach T, Sedoud A, Krieger-Liszkay A (2013) Acetate in mixotrophic growth medium affects 
photosystem II in Chlamydomonas reinhardtii and protects against photoinhibition. Biochim 
Biophys Acta 1827: 1183–1190 
Roach T, Sun Na C, Stögg W, Krieger-Liszkay A (2020) The non-photochemical quenching protein 
LHCSR3 prevents oxygen-dependent photoinhibition in Chlamydomonas reinhardtii. J Exp Bot 
71: 2650–2660 
Rokka A, Suorsa M, Saleem A, Battchikova N, Aro EM (2005) Synthesis and assembly of thylakoid 
protein complexes: multiple assembly steps of photosystem II. Biochem J 388: 159–168 
Romero E, Novoderezhkin VI, van Grondelle R (2017) Quantum design of photosynthesis for bio-
inspired solar-energy conversion. Nature 543: 355–365 
Romero E, van Stokkum IHM, Novoderezhkin VI, Dekker JP, van Grondelle R (2010) Two different 
charge separation pathways in photosystem II. Biochemistry 49: 4300–4307 
List of references 
 79
Rova M, Mamedov F, Magnuson A, Fredriksson PO, Styring S (1998) Coupled activation of the donor 
and the acceptor side of Photosystem II during photoactivation of the oxygen evolving cluster. 
Biochemistry 37: 11039–11045 
Rozema J, Bjorn LO, Bornman JF, Gaberščik A, Hader DP, Trost T, Germ M, Klisch M, Gröniger A, 
Sinha RP, Lebert M, He YY, Buffoni-Hall R, de Bakker NVJ, van de Staaij J, Meijkamp BB (2002) 
The role of UV-B radiation in aquatic and terrestrial ecosystems—an experimental and functional 
analysis of the evolution of UV-absorbing compounds. J Photochem Photobiol B 66: 2–12 
Ruettinger WF, Yagi M, Wolf K, Bernasek S, Dismukes GC (2000) O2 evolution from the manganese–
oxo cubane core Mn4O46+: a molecular mimic of the photosynthetic water oxidation enzyme? J 
Am Chem Soc 122: 10353–10357 
Rutherford AW, Mullet JE (1981) Reaction center triplet states in Photosystem I and Photosystem II. 
Biochim Biophys Acta Bioenerg 635: 225–235 
Rutherford AW, Osyczka A, Rappaport F (2012) Back-reactions, short-circuits, leaks and other energy 
wasteful reactions in biological electron transfer: Redox tuning to survive life in O2. FEBS Lett 
586: 603–616 
Sacharz J, Bryan SJ, Yu J, Burroughs NJ, Spence EM, Nixon PJ, Mullineaux CW (2015) Sub-cellular 
location of FtsH proteases in the cyanobacterium Synechocystis sp. PCC 6803 suggests localised 
PSII repair zones in the thylakoid membranes. Mol Microbiol 96: 448–462 
Saito K, Rutherford AW, Ishikita H (2013) Mechanism of proton-coupled quinone reduction in 
Photosystem II. Proc Natl Acad Sci USA 110: 954–959 
Sang M, Ma F, Xie J, Chen XB, Wang KB, Qin XB, Wang WD, Zhao JQ, Li LB, Zhang JP, Kuang TY 
(2010) High-light induced singlet oxygen formation in cytochrome b6f complex from Bryopsis 
corticulansas detected by EPR spectroscopy. Biophys Chem 146: 7–12 
Santabarbara S, Agostini G, Casazza AP, Syme CD, Heathcote P, Böhles F, Evans MCW, Jennings 
RC, Carbonera D (2007) Chlorophyll triplet states associated with Photosystem I and Photosystem 
II in thylakoids of the green alga Chlamydomonas reinhardtii. Biochim Biophys Acta 1767: 88–
105 
Santabarbara S, Bullock B, Rappaport F, Redding KE (2015) Controlling electron transfer between the 
two cofactor chains of photosystem I by the redox state of one of their components. Biophys J 108: 
1537–1547 
Santabarbara S, Cazzalini I, Rivadossi A, Garlaschi FM, Zucchelli G, Jennings RC (2002) 
Photoinhibition in vivo and in vitro involves weakly coupled chlorophyll-protein complexes. 
Photochem Photobiol 75: 613–618 
Santabarbara S, Galuppini L, Casazza AP (2010) Bidirectional electron transfer in the reaction centre 
of photosystem I. J Integ Plant Biol 52: 735–749 
Sarvikas P, Hakala M, Pätsikkä E, Tyystjärvi T, Tyystjärvi E (2006) Action spectrum of photoinhibition 
in leaves of wild type and npq1-2 and npq4-1 mutants of Arabidopsis thaliana. Plant Cell Physiol 
47: 391–400 
Sarvikas P, Tyystjärvi T, Tyystjärvi E (2010) Kinetics of prolonged photoinhibition revisited. 
Photoinhibited Photosystem II centres do not protect the active ones against loss of oxygen 
evolution. Photosyn Res 103: 7–17 
Satoh K (1970) Mechanism of photoinactivation in photosynthetic systems II. The occurrence and 
properties of two different types of photoinactivation. Plant Cell Physiol 11: 29–38 
Schansker G, Tóth SZ, Holzwarth AR, Garab G (2014) Chlorophyll a fluorescence: beyond the limits 
of the QA model. Photosynth Res 120: 43–58 
Schatz GH, Brock H, Holzwarth AR (1987) Picosecond kinetics of fluorescence and absorbence 
changes in photosystem II particles excited at low photon density. Proc Natl Acad Sci USA 84: 
8414–8418 
Schlodder E, Brettel K (1988) Primary charge separation in closed Photosystem II with a lifetime of 11 
ns: Flash-absorption spectroscopy with O2-evolving Photosystem II complexes from 
Synechococcus. Biochim Biophys Acta 933: 22–34 
Heta Mattila 
80 
Schreiber U, Klughammer C (2016) Analysis of Photosystem I donor and acceptor sides with a new 
type of online-deconvoluting kinetic LED-array spectrophotometer. Plant Cell Physiol 57: 1454–
1467 
Schuurmans RM, Schuurmans JM, Bekker M, Kromkamp JC, Matthijs HCP, Hellingwerf KJ (2014) 
The redox potential of the plastoquinone pool of the cyanobacterium Synechocystis species strain 
PCC6803 is under strict homeostatic control. Plant Physiol 165: 463–475 
Schwarz EM, Tietz S, Froehlich JE (2018) Photosystem I-LHCII megacomplexes respond to high light 
and aging in plants. Photosynth Res 136: 107–124 
Seemann JR, Sharkey TD, Wang J, Osmond CB (1987) Environmental effects on photosynthesis, 
nitrogen-use efficiency, and metabolite pools in leaves of sun and shade plants. Plant Physiol 84: 
796–802 
Seelert H, Poetsch A, Dencher NA, Engel A, Stahlberg H, Müller DJ (2000) Proton-powered turbine 
of a plant motor. Nature 405: 418–419 
Serôdio J, Schmidt W, Frankenbach S (2017) A chlorophyll fluorescence-based method for the 
integrated characterization of the photophysiological response to light stress. J Exp Bot 68: 1123–
1135 
Sétif P, Hervo G, Mathis P (1981) Flash-induced absorption changes in Photosystem-I - radical pair or 
triplet-state formation. Biochim Biophys Acta 638: 257–267 
Shikanai T, Endo T, Hashimoto T, Yamada Y, Asada K, Yokota A (1998) Directed disruption of the 
tobacco ndhB gene impairs cyclic electron flow around photosystem I. Proc Natl Acad Sci USA 
95: 9705–9709 
Shinopoulos KE, Brudvig GW (2012) Cytochrome b559 and cyclic electron transfer within 
photosystem II. Biochim Biophys Acta Bioenerg 1817: 66–75 
Shinopoulos KE, Yu J, Nixon PJ, Brudvig GW (2014) Using site-directed mutagenesis to probe the 
role of the D2 carotenoid in the secondary electron-transfer pathway of photosystem II. Photosynth 
Res 120: 141–152 
Shipman LL (1979) A theoretical study of excitons in chlorophyll a photosystems on a picosecond 
timescale. Photochem Photobiol 31: 157–167 
Siegbahn PEM (2013) Water oxidation mechanism in photosystem II, including oxidations, proton 
release pathways, O–O bond formation and O2 release. Biochim Biophys Acta 1827: 1003–1019 
Silva P, Thompson E, Bailey S, Kruse O, Mullineaux CW, Robinson C, Mann NH, Nixon PJ (2003) 
FtsH is involved in the early stages of repair of photosystem II in Synechocystis sp PCC 6803. 
Plant Cell 15: 2152–2164 
Sinvany-Villalobo G, Davydov O, Ben-Ari G, Zaltsman A, Raskind A, Adam Z (2004) Expression in 
multigene families. Analysis of chloroplast and mitochondrial proteases. Plant Physiol 135: 1336–
1345 
Smith HL, McAusland L, Murchie EH (2017) Don’t ignore the green light: exploring diverse roles in 
plant processes. J Exp Bot 68: 2099–2110 
Song YG, Liu B, Wang LF, Li MH, Liu Y (2006) Damage to the oxygen-evolving complex by 
superoxide anion, hydrogen peroxide, and hydroxyl radical in photoinhibition of photosystem II. 
Photosynth Res 90: 67–78 
Sonoike K (1996) Degradation of psaB gene product, the reacton center subunit of photosystem I, is 
caused during photoinhibition of photosystem I: Possible involvement of active oxygen species. 
Plant Sci 115: 157–164 
Sonoike K (2011) Photoinhibition of photosystem I. Physiol Plant 142: 56–64 
Spetea C, Herdean A, Allorent G, Carraretto L, Finazzi G, Szabo I (2017) An update on the regulation 
of photosynthesis by thylakoid ion channels and transporters in Arabidopsis. Physiol Plant 161: 
16–27 
Spetea C, Hideg É, Vass I (1997) Low pH accelerates light-induced damage of photosystem II by 
enhancing the probability of the donor-side mechanism of Photoinhibition. Biochim Biophys Acta 
Bioenerg 1318: 275–283 
List of references 
 81
Stamatakis K, Papageorgiou GC, Govindjee (2016) Effects of exogenous beta-carotene, a chemical 
scavenger of singlet oxygen, on the millisecond rise of chlorophyll a fluorescence of 
cyanobacterium Synechococcus sp PCC 7942. Photosynth Res 130: 317–324 
Stemler A, Jursinic P (1983) The effects of carbonic anhydrase inhibitors formate, bicarbonate, 
acetazolamide, and imidazole on Photosystem II in maize chloroplasts. Arch Biochem Biophys 
221: 227–237 
Stiehl HH, Witt HT (1969) Quantitative treatment of the function of plastoquinone in photosynthesis. 
Z Naturforsch B 24: 1588–1598 
Suga M et al. (2019) An oxyl/oxo mechanism for oxygen-oxygen coupling in PSII revealed by an x-
ray free-electron laser. Science 366: 334–338 
Sumi H (1999) Theory on rates of excitation-energy transfer between molecular aggregates through 
distributed transition dipoles with application to the antenna system in bacterial photosynthesis. J 
Phys Chem B 103: 252–260 
Sun H, Zhang SB, Liu T, Huan W (2020) Decreased photosystem II activity facilitates acclimation to 
fluctuating light in the understory plant Paris polyphylla. Biochim Biophys Acta Bioenerg 1861: 
148135 
Suorsa M, Järvi S, Grieco M, Nurmi M, Pietrzykowska M, Rantala M, Kangasjärvi S, Paakkarinen V, 
Tikkanen M, Jansson S, Aro EM (2012) PROTON GRADIENT REGULATION5 is essential for 
proper acclimation of Arabidopsis photosystem I to naturally and artificially fluctuating light 
conditions. Plant Cell 24: 2934–2948 
Suter GW, Mazzola P, Wendler J, Holzwarth AR (1984) Fluorescence decay kinetics in phycobilisomes 
isolated from the bluegreen alga Synechococcus 6301. Biochim Biophys Acta Bioenerg 766:  
269−276 
Suzuki H, Sugiura M, Noguchi T (2012) Determination of the miss probabilities of individual S state 
transitions during photosynthetic water oxidation by monitoring electron flow in Photosystem II 
using FTIR spectroscopy. Biochemistry 51: 6776−6785 
Szechyńska-Hebda M, Kruk J, Górecka M, Karpińska B and Karpiński S (2010) Evidence for light 
wavelength-specific photoelectrophysiological signaling and memory of excess light episodes in 
Arabidopsis. Plant Cell 22: 2201−2218 
Szilárd A, Sass L, Deák Z, Vass I (2007) The sensitivity of Photosystem II to damage by UV-B radiation 
depends on the oxidation state of the water-splitting complex. Biochim Biophys Acta 1767: 876–
882 
Takagi D, Takumi S, Hashiguchi M, Sejima T, Miyake C (2016) Superoxide and singlet oxygen 
produced within the thylakoid membranes both cause Photosystem I photoinhibition. Plant Physiol 
171: 1626–1634 
Takahashi M, Asada K (1988) Superoxide production in aprotic interior of chloroplast thylakoids. Arch 
Biochem Biophys 267: 714–722 
Takahashi Y, Hansson Ö, Mathis P, Satoh K (1987) Primary radical pair in the Photosystem II reaction 
centre. Biochim Biophys Acta Bioenerg 893: 49–59 
Takegawa Y, Nakamura M, Nakamura S, Noguchi T, Sellés J, Rutherford AW, Boussac A, Sugiura M 
(2019) New insights on ChlD1 function in Photosystem II from site-directed mutants of D1/T179 
in Thermosynechococcus elongatus. Biochim Biophys Acta Bioenerg 1860: 297–309 
Takizawa K, Cruz JA, Kanazawa A, Kramer DM (2007) The thylakoid proton motive force in vivo. 
Quantitative, non-invasive probes, energetics, and regulatory consequences of light-induced pmf. 
Biochim Biophys Acta 1767: 1233–1244 
Tarahi Tabrizi S, Sawicki A, Zhou S, Luo M, Willows RD (2016) GUN4-Protoporphyrin IX is a singlet 
oxygen generator with consequences for plastid retrograde signaling. J Biol Chem 291: 8978–8984 
Taylor RM, Sallans L, Frankel LK, Bricker TM (2018) Natively oxidized amino acid residues in the 
spinach cytochrome b6f complex. Photosynth Res 137: 141–151 
Telfer A, Barber J (1995) Role of carotenoid bound to the photosystem II reaction centre. In: Mathis P 
(ed) Photosynthesis: from Light to Biosphere, Kluwer, Dordrecht, pp 15–20 
Heta Mattila 
82 
Telfer A, Bishop SM, Phillips D, Barber J (1994) Isolated photosynthetic reaction center of 
Photosystem II as a sensitizer for the formation of singlet oxygen. Detection and quantum yield 
determination using a chemical trapping technique. J Biol Chem 269: 13244–13253 
Telfer A, De Las Rivas J, Barber J (1991) β-Carotene within the isolated Photosystem II reaction centre: 
photooxidation and irreversible bleaching of this chromophore by oxidised P680. Biochim Biophys 
Acta 1060: 106–114 
Terashima I, Fujita T, Inoue T, Chow WS, Oguchi R (2009) Green light drives leaf photosynthesis 
more efficiently than red light in strong white light: revisiting the enigmatic question of why leaves 
are green. Plant Cell Physiol 50: 684–697 
Terashima I, Funayama S, Sonoike K (1994) The site of photoinhibition in leaves of Cucumis sativus 
L. At low temperatures is photosystem I, not photosystem II. Planta 193: 300–306 
Theis J, Schroda M (2016) Revisiting the photosystem II repair cycle. Plant Signal Behav 11: e1218587 
Thomas JB, Van Der Wal UP (1963) Absorption responses of chlorophyll in vivo to treatment with 
acetone. Biochim Biophys Acta 79: 490–499 
Thompson LK, Brudvig GW (1988) Cytochrome b-559 may function to protect Photosystem II from 
photoinhibition. Biochemistry 27: 6653–6658 
Tian L, Xu P, Chukhutsina VU, Holzwarth AR, Croce R (2017) Zeaxanthin-dependent 
nonphotochemical quenching does not occur in photosystem I in the higher plant Arabidopsis 
thaliana. Proc Natl Acad Sci USA 114: 4828–4832 
Tichý M, Lupínková L, Sicora C, Vass I, Kuviková S, Prásil O, Komenda J (2003) Synechocystis 6803 
mutants expressing distinct forms of the Photosystem II D1 protein from Synechococcus 7942: 
relationship between the psbA coding region and sensitivity to visible and UV-B radiation. 
Biochim Biophys Acta 1605: 55–66 
Tikhonov AN (2018) The cytochrome b6f complex: Biophysical aspects of its functioning in 
chloroplasts. In: Harris JR, Boekema EJ (Eds) Membrane Protein Complexes: Structure and 
Function, Springer Nature, Singapore, pp. 287–328 
Tikhonov AN, Khomutov GB, Ruuge EK (1984) Electron transport control in chloroplasts. Effects of 
magnesium ions on the electron flow between two photosystems. Photobiochem Photobiophys 8: 
261–269 
Tikkanen M, Grieco M, Kangasjärvi S, Aro EM (2010) Thylakoid protein phosphorylation in higher 
plant chloroplasts optimizes electron transfer under fluctuating light. Plant Physiol 152: 723–735 
Tikkanen M, Mekala NR, Aro EM (2014) Photosystem II photoinhibition-repair cycle protects 
Photosystem I from irreversible damage. Biochim Biophys Acta 1837: 210–215 
Tilbrook K, Dubois M, Crocco CD, Yin R, Chappuis R, Allorent G, Schmid-Siegert E, Goldschmidt-
Clermont M, Ulm R (2016) UV-B perception and acclimation in Chlamydomonas reinhardtii. 
Plant Cell 28: 966–983 
Tiwari A, Mamedov F, Grieco M, Suorsa M, Jajoo A, Styring S, Tikkanen M, Aro EM (2016) 
Photodamage of iron–sulphur clusters in photosystem I induces non-photochemical energy 
dissipation. Nat Plants 2: 16035 
Tjus SE, Lindberg Møller B, Scheller HV (1998) Photosystem I is an early target of photoinhibition in 
barley illuminated at chilling temperatures. Plant Physiol 116: 755–764 
Tomo T, Kusakabe H, Nagao R, Ito H, Tanaka A, Akimoto S, Mimuro M, Okazaki S (2012) 
Luminescence of singlet oxygen in photosystem II complexes isolated from cyanobacterium 
Synechocystis sp. PCC6803 containing monovinyl or divinyl chlorophyll a. Biochim Biophys Acta 
Bioenerg 1817: 1299–1305 
Tóth SZ, Shansker G, Strasser RJ (2007) A non-invasive assay of the plastoquinone pool redox state 
based on the OJIP-transient. Photosynth Res 93: 193–203 
Townsend AJ, Retkute R, Chinnathambi K, Randall JWP, Foulkes J, Carmo-Silva E, Murchie EH 
(2018) Suboptimal acclimation of photosynthesis to light in wheat canopies. Plant Physiol  176: 
1233–1246 
List of references 
 83
Treves H, Raanan H, Kedem I, Murik O, Keren N, Zer H, Berkowicz SM, Giordano M, Norici A, 
Shotland Y, Ohad I, Kaplan A (2016) The mechanisms whereby the green alga Chlorella ohadii, 
isolated from desert soil crust, exhibits unparalleled photodamage resistance. New Phytol 210: 
1229–1243 
Triantaphylidès C, Krischke M, Hoeberichts FA, Ksas B, Gresser G, Havaux M, Van Breusegem F, 
Mueller MJ (2008) Singlet oxygen is the major reactive oxygen species involved in photooxidative 
damage to plants. Plant Physiol 148: 960–968 
Trotta A, Suorsa M, Rantala M, Lundin B, Aro EM (2016) Serine and threonine residues of plant STN7 
kinase aredifferentially phosphorylated upon changing lightconditions and specifically influence 
the activity and stabilityof the kinase. Plant J 87: 484–494 
Tschiersch H, Ohmann E (1993) Photoinhibition in Euglena gracilis: involvement of reactive oxygen 
species. Planta 191: 316–323 
Tsonev TD, Hikosaka K (2003) Contribution of photosynthetic electron transport, heat dissipation, and 
recovery of photoinactivated Photosystem II to photoprotection at different temperatures in 
Chenopodium album leaves. Plant Cell Physiol 44: 828–835 
Tsuyama M, Kobayashi Y (2008) Reduction of the primary donor P700 of photosystem I during steady-
state photosynthesis under low light in Arabidopsis. Photosynth Res 99: 37 
Tullberg A, Alexciev K, Pfannschmidt T, Allen JF (2000) Photosynthetic electron flow regulates 
transcription of the psaB gene in pea (Pisum sativum L.) chloroplasts through the redox state of 
the plastoquinone pool. Plant Cell Physiol 41: 1045–1054 
Tyystjärvi E (2004) Phototoxicity. In: Noodén LD (ed) Plant Cell Death Processes, Elsevier Academic 
Press, Amsterdam, pp 271–283 
Tyystjärvi E (2013) Photoinhibition of Photosystem II. Int Rev Cell Mol Biol 300: 343–303 
Tyystjärvi E, Ali-Yrkkö K, Kettunen R, Aro EM (1992) Slow degradation of the D1 protein is related 
to the susceptibility of low-light-grown pumpkin plants to photoinhibition. Plant Physiol 100: 
1310–1317 
Tyystjärvi E, Aro EM (1996) The rate constant of photoinhibition, measured in lincomycin-treated 
leaves, is directly proportional to light intensity. Proc Natl Acad Sci USA 93: 2213–2218 
Tyystjärvi E, Hakala M, Sarvikas P (2005) Mathematical modelling of the light response curve of 
photoinhibition of Photosystem II. Photosyn Res 84: 21–27 
Tyystjärvi E, Kettunen R, Aro EM (1994) The rate constant of photoinhibition in vitro is independent 
of the antenna size of Photosystem II but depends on temperature. Biochim Biophys Acta 1186: 
177–185 
Tyystjärvi T, Tuominen I, Herranen M, Aro EM, Tyystjärvi E (2002) Action spectrum of psbA gene 
transcription is similar to that of photoinhibition in Synechocystis sp. PCC 6803. FEBS Lett 516: 
167–171 
Ueno M, Sae-Tang P, Kusama Y, Hihara Y, Matsuda M, Hasunuma T, Nishiyama Y (2016) Moderate 
heat stress stimulates repair of photosystem ii during photoinhibition in Synechocystis sp. PCC 
6803. Plant Cell Physiol 57: 2417–2426 
Umena Y, Kawakami K, Shen JR, Kamiya N (2011) Crystal structure of oxygen-evolving photosystem 
II at a resolution of 1.9 Å. Nature 473: 55–60 
Ünlü C, Drop B, Croce R, van Amerongen H (2014) State transitions in Chlamydomonas reinhardtii 
strongly modulate the functional size of photosystem II but not of photosystem I. Proc Natl Acad 
Sci USA 111: 3460–3465 
van Mieghem F, Brettel K, Hillmann B, Kamlowski A, Rutherford AW, Schlodder E (1995) Charge 
recombination reactions in Photosystem II. 1. Yields, recombination pathways, and kinetics of the 
primary pair. Biochemistry 34: 4798–4813 
Van Walraven HS, Strotmann H, Schwarz O, Rumberg B (1996) The H+/ATP coupling ratio of the 




Vasil'ev S, Bergmann A, Redlin H, Eichler HJ, Renger G (1996) On the role of exchangeable hydrogen 
bonds for the kinetics of P680+QA− formation and P680+Pheo− recombination in photosystem II. 
Biochim Biophys Acta 1276: 35–44 
Vass I (2012) Molecular mechanisms of photodamage in the Photosystem II complex. Biochim Biophys 
Acta Bioenerg 1817: 209–217 
Vass I, Cser K (2009) Janus-faced charge recombinations in photosystem II photoinhibition. Trends 
Plant Sci 14: 4 
Vass I, Defik Z, Hideg É  (1990) Charge equilibrium between the water-oxidizing complex and  the 
electron donor tyrosine-D in Photosystem II. Biochirn Biophys Acta 1017: 63–69 
Vass I, Sass L, Spetea C, Bakou A, Ghanotakis D, Petrouleas V (1996) UV-B induced inhibition of 
Photosystem II electron transport studied by EPR and chlorophyll fluorescence. Impairment of 
donor and acceptor side components. Biochemistry 35: 8964-8973 
Vassiliev S, Zaraiskaya T, Bruce D (2013) Molecular dynamics simulations reveal highly permeable 
oxygen exit channels shared with water uptake channels in photosystem II. Biochim Biophys Acta 
1827: 1148–1155 
Vener AV, Van Kan PJM, Gal A, Andersson B, Ohad I (1995) Activation/deactivation cycle of redox-
controlled thylakoid protein phosphorylation. Role of plastoquinol bound to the reduced 
cytochrome bf complex. J Biol Chem 270: 25225–25232 
Verhoeven A (2014) Sustained energy dissipation in winter evergreens. New Phytol 201: 57–65 
Vermaas WFJ, Renger G, Dohnt G (1985) The reduction of the oxygen evolving system in chloroplasts 
by thylakoid components. Biochim Biophys Acta 764: 194–202 
Vinyard DJ, Gimpel J, Ananyev GM, Cornejo MA, Golden SS, Mayfield SP, Dismukes GC (2013) 
Natural variants of Photosystem II subunit D1 tune photochemical fitness to solar intensity. J Biol 
Chem 288: 5451–5462 
Vladkova R (2016) Chlorophyll a is the crucial redox sensor and transmembrane signal transmitter in 
the cytochrome b6f complex. Components and mechanisms of state transitions from the 
hydrophobic mismatch viewpoint. J Biomol Struct Dyn 34: 824–854 
Vonshak A, Novoplansky N (2008) Acclimation to low temperature of two Arthrospira platensis 
(cyanobacteria) strains involves down-regulation of PSII and improved resistance to 
photoinhibition. J Phycol 44: 1071–1079 
von Sydow L, Schwenkert S, Meurer J, Funk C, Mamedov F, Schröder WP (2016) The PsbY protein 
of Arabidopsis Photosystem II is important for the redox control of cytochrome b559. Biochim 
Biophys Acta Bioenerg 1857: 1524–1533 
Wagner R, Dietzel L, Bräutigam K, Fischer W, Pfannschmidt T (2008) The long-term response to 
fluctuating light quality is an important and distinct light acclimation mechanism that supports 
survival of Arabidopsis thaliana under low light conditions. Planta 228: 573–587 
Wang F, Qi Y, Malnoë A, Choquet Y, Wollman FA, de Vitry C (2017) The high light response and 
redox control of thylakoid FtsH protease in Chlamydomonas reinhardtii. Mol Plant 10: 99–114 
Wang L, Kim C, Xu X, Piskurewicz U, Dogra V, Singh S, Mahler H, Apel K (2016a) Singlet oxygen‐ 
and EXECUTER1‐mediated signaling is initiated in grana margins and depends on the protease 
FtsH2. Proc Natl Acad Sci USA 113: E3792–E3800 
Wang WH, He EM, Chen J, Guo Y, Chen J, Liu X, Zheng HL (2016b) The reduced state of the 
plastoquinone pool is required for chloroplast-mediated stomatal closure in response to calcium 
stimulation. Plant J 86: 132–144 
Watanabe M, Ikeuchi M (2013) Phycobilisome: architecture of a light-harvesting supercomplex. 
Photosynth Res 116: 265–276 
Weisz DA, Johnson VM, Niedzwiedzki DM, Shinn MK, Liu H, Klitzke CF, Gross ML, Blankenship 
RE, Lohman TM, Pakrasi HB (2019) A novel chlorophyll protein complex in the repair cycle of 
photosystem II. Proc Natl Acad Sci USA 116: 21907–21913 
List of references 
 85
Wiciarz M, Niewiadomska E, Kruk J (2018) Effects of salt stress on low molecular antioxidants and 
redox state of plastoquinone and P700 in Arabidopsis thaliana (glycophyte) and Eutrema 
salsugineum (halophyte). Photosynthetica 56: 811–819 
Wientjes E, Drop B, Kouril R, Boekema EJ, Croce R (2013a) During state 1 to state 2 transition in 
Arabidopsis thaliana, the photosystem II supercomplex gets phosphorylated but does not 
disassemble. J Biol Chem 288: 32821–32826 
Wientjes E, van Amerongen H, Croce R (2013b) LHCII is an antenna of both photosystems after long-
term acclimation. Biochim Biophys Acta 1827: 420–426 
Wientjes E, van Stokkum IH, van Amerongen H, Croce R (2011) The role of the individual Lhcas in 
photosystem I excitation energy trapping. Biophys J 101: 745–754 
Willig A, Shapiguzov A, Goldschmidt-Clermont M, Rochaix JD (2011) The phosphorylation status of 
the chloroplast protein kinase STN7 of arabidopsis affects its turnover. Plant Physiol 157: 2102–
2107 
Wilson A, Ajlani G, Verbavatz JM, Vass I, Kerfeld CA, Kirilovsky D (2006) A soluble carotenoid 
protein involved in phycobilisome-related energy dissipation in cyanobacteria. Plant Cell 18: 992–
1007 
Wilson S, Ruban AV (2020) Rethinking the influence of chloroplast movements on non-photochemical 
quenching and photoprotection. Plant Physiol 183: 1213–1223 
Wood WHJ, MacGregor-Chatwin C, Barnett SFH, Mayneord GE, Huang X, Hobbs JK, Hunter CN, 
Johnson MP (2018) Dynamic thylakoid stacking regulates the balance between linear and cyclic 
photosynthetic electron transfer. Nat Plants 4: 116–127 
Yadav DK, Pospíšil P (2012) Evidence on the formation of singlet oxygen in the donor side 
photoinhibition of Photosystem II: EPR spin-trapping study. PLoS One 7: e45883 
Yamamoto T, Burke J, Autz G, Jagendorf AT (1981) Bound ribosomes of pea chloroplast thylakoid 
membranes: location and release in vitro by high salt, puromycin, and RNase. Plant Physiol 67: 
940–949 
Yamashita A, Nijo N, Pospíšil P, Morita N, Takenaka D, Aminaka R, Yamamoto Y, Yamamoto Y 
(2008) Quality control of Photosystem II. Reactive oxygen species are responsible for the damage 
to Photosystem II under moderate heat stress. J Biol Chem 283: 28380–28391 
Yamori W, Shikanai T (2016) Physiological functions of cyclic electron transport around Photosystem 
I in sustaining photosynthesis and plant growth. Annu Rev Plant Biol 67: 81–106 
Yang DH, Andersson B, Aro EM, Ohad I (2001) The redox state of the plastoquinone pool controls the 
level of the light-harvesting chlorophyll a/b binding protein complex II (LHC II) during 
photoacclimation. Photosynth Res 68: 163–174 
Yao M, Liu Y, Fei L, Zhou Y, Wang F, Chen J (2018) Self-adaptable quinone–quinol exchange 
mechanism of Photosystem II. J Phys Chem B 122: 10478–10489 
Yoshida K, Shibata M, Terashima I, Noguchi K (2010) Simultaneous determination of in vivo 
plastoquinone and ubiquinone redox states by HPLC-based analysis. Plant Cell Physiol 51: 836–
841 
Yutthanasirikul R, Nagano T, Jimbo H, Hihara Y, Kanamori T, Ueda T, Haruyama T, Konno H, 
Yoshida K, Hisabori T, Nishiyama Y (2016) Oxidation of a cysteine residue in elongation factor 
EF-Tu reversibly inhibits translation in the cyanobacterium Synechocystis sp. PCC 6803. J Biol 
Chem 291: 5860–5870 
Zaltsman A, Feder A, Adam Z (2005) Developmental and light effects on the accumulation of FtsH 
protease in Arabidopsis chloroplasts: Implications for thylakoid formation and photosystem II 
maintenance. Plant J 42: 609–617 
Zang LY, van Kuijk FJGM, Misra BR, Misra HP (1995) The specificity and product of quenching 
singlet oxygen by 2, 2, 6, 6-tetramethylpiperidine. Biochem Mol Biol Int 37: 283–293 
Zavafer A, Cheah MH, Hillier W, Chow WS, Takahashi S (2015b) Photodamage to the oxygen 
evolving complex of photosystem II by visible light. Sci Rep 5: 16363 
Heta Mattila 
86 
Zavafer A, Chow WS, Cheah MH (2015a) The action spectrum of Photosystem II photoinactivation in 
visible light. J Photochem Photobiol B 152: 247–260 
Zavafer A, Koinuma W, Chow WS, Cheah MH, Mino H (2017) Mechanism of photodamage of the 
oxygen evolving mn cluster of Photosystem II by excessive light energy. Sci Rep 7: 7604 
Zhang C, Chen C, Dong H, Shen JR, Dau H, Zhao J  (2015) A synthetic Mn4Ca-cluster mimicking the 
oxygen-evolving center of photosynthesis. Science 348: 690–693 
Zhang T, Maruhnich SA, Folta KM (2011) Green light induces shade avoidance symptoms. Plant 
Physiol 157: 1528–1536 
Zhang L, Paakkarinen V, Suorsa M, Aro EM (2001) A SecY homologue is involved in chloroplast-
encoded D1 protein biogenesis. J Biol Chem 276: 37809–37814 
Zhang L, Paakkarinen V, van Wijk KJ, Aro EM (1999) Co-translational assembly of the D1 protein 
into photosystem II. J Biol Chem 274: 16062–16067 
Zhang S, Scheller HV (2004) Photoinhibition of photosystem I at chilling temperature and subsequent 
recovery in Arabidopsis thaliana. Plant Cell Physiol 45: 1595–1602 
Zhao LS, Huokko T, Wilson S, Simpson S, Wang Q, Ruban AV, Mullineaux CW, Zhang YZ, Liu LN 
(2020) Structural variability, coordination and adaptation of a native photosynthetic machinery. 
Nat Plants 6: 869, DOI: 10.1038/s41477-020-0694-3 
Zito F, Finazzi G, Delosme R, Nitschke W, Picot D, Wollman FA (1999) The Qo site of cytochrome 
b6f complexes controls the activation of the LHCII kinase. EMBO J 18: 2961–2969 
Zobnina V, Lambreva MD, Rea G, Campi G, Antonacci A, Scognamiglio V, Giardi MT, Polticelli F 
(2017) The plastoquinol-plastoquinone exchange mechanism in photosystem II: insight from 
molecular dynamics simulations. Photosynth Res 131: 15–30 
Zoeller M, Stingl N, Krischke M, Fekete A, Waller F, Berger S, Mueller MJ (2012) Lipid profiling of 
the arabidopsis hypersensitive response reveals specific lipid peroxidation and fragmentation 








































TURUN YLIOPISTON JULKAISUJA – ANNALES UNIVERSITATIS TURKUENSIS
SARJA – SER. AI OSA – TOM. 634  |  ASTRONOMICA – CHEMICA – PHYSICA – MATHEMATICA  |  TURKU 2020
ON SINGLET OXYGEN,
PHOTOINHIBITION,
PLASTOQUINONE
AND THEIR
INTERCONNECTIONS
Heta Mattila
